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Over evolutionary time genomes diverge by acquiring new mutations, some of
which isolate species by erecting reproductive barriers. The study of such genes
sheds light on how fundamental developmental processes diverge and result
in new species. Hybrid incompatibility (HI) genes contribute to speciation by
causing the sterility and inviability of interspecific offspring. The Hmr (Hybrid
male rescue) and Lhr (Lethal hybrid rescue) genes are a major cause of hybrid lethal-
ity between Drosophila melanogaster and its sibling species D. simulans. Hybrid
sons from this cross are normally inviable; however by mutating either the D.
melanogaster ortholog of Hmr or the D. simulans ortholog of Lhr, viable adult
hybrid sons are recovered. Like other HI genes, both Lhr and Hmr are rapidly
evolving under selection.
In the first study, I asked whether the evolutionary history of selection for
Hmr is confined to the hybridizing lineages. I conducted a population genetic
survey of Hmr alleles from two sister species D. yakuba and D. santomea, whose
common ancestor diverged from the common ancestor of D. melanogaster and D.
simulans approximately 10 Myrs ago. I found that Hmr has diverged recurrently
under positive selection in multiple independent speciation events, suggesting
that Hmr is likely to be functionally diverging in multiple species.
In the second study, I examined the molecular nature of functional diver-
gence for the HI gene, Lhr. Strikingly, I found that despite rapid evolution of
the Lhr coding sequence, hybrid lethal activity is not a derived function specific
to one lineage, but instead a conserved function shared by both Lhr orthologs.
Examination of the heterochromatic localization patterns of Lhr orthologs also
failed to reveal any evidence of functional divergence. Instead I discovered that
regulatory divergence underlies the asymmetric hybrid lethal activities of Lhr
orthologs.
In the last study, I identified Lhr2, a D. simulans Lhr allele with a highly un-
usual coding sequence, as a hybrid rescue mutation. I used it to identify a con-
served region in the C-terminus of the LHR protein that is critical for hybrid
incompatibility. Using the Lhr2 allele I was able to assay the effect of an indel
polymorphism that was segregating in the common ancestor of D. melanogaster
and D. simulans on hybrid incompatibility. Notably, I found that this indel poly-
morphism contributes significantly to the functional divergence of Lhr.
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CHAPTER 1
THE GENETICS OF HYBRID INCOMPATIBILITIES1
1.1 Introduction
1.1.1 Defining hybrid incompatibilities
We suggest that hybrid incompatibility (HI) genes be defined as those that cause
a measurable reduction in fitness in F1, F2 or BC1 generation interspecific hy-
brids (Figure 1.1). This definition allows for HI genes and their heterospecific
interacting genes to be sampled when both heterozygous or homozygous. The
utility of sampling later generation hybrids such as introgression genotypes is
to provide increased resolution for mapping HI genes.We focus here largely on
genes involved in hybrid sterility and lethality but also discuss some other kind
of HI phenotypes. We largely examine HI between species, but also include
some examples from inter-population hybrids. The boundaries between these
classes of HI are not sharply defined, particularly for plants. We refer the reader
to recent reviews about plant HIs and other aspects of HI genetics [1, 2, 3, 4].
1.1.2 The unique genetic properties of hybrids.
Hybrids are a unique genetic background that is not simply the sum of the
two parental genomes. Consequently, the genetic properties of HI genes are
often drastically different than one would predict from intraspecific genetic
1Written with equal contributions from S.M. & D.A.B and submitted to Annual Reviews of
Genetics.
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Introgression 
Species 2
Species 2
Species 1
BC1 
Heterozygous 
Species 2
F2 
Heterozygous 
Species 1 
Species 2
Heterozygous 
F1 
X
Species 2Species 1
Figure 1.1: The genetic background of hybrids. Homologous chromosomes
from two species are shown in red and black. The F1 hybrid has one allele from
each parental species and is thus heterozygous at every locus (with the excep-
tion of the hemizygous sex chromosomes in the heterogametic sex). F2 progeny
can have loci that are homozygous for each of the parental species as well as
heterozygous loci. The BC progeny are similar to F2 progeny, except that they
can only have loci homozygous for the backcross parent. Repeated generations
of backcrossing result in an introgression genotype where only a single region
is derived from the foreign species.
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analyses. For example, mutations removing Hmr and Ods from pure-species
D. melanogaster cause only mild reductions in fertility or viability [5, 6]. In con-
trast, the presence of these genes in hybrids causes complete lethality or sterility
[7, 8].
1.1.3 Why are hybrids so different?
Diverse genetic mechanisms contribute to creating a unique genetic background
in hybrids that is far from an additive combination of the two parental species.
Non-genic effects of DNA divergence. Sequence divergence between yeast
species can directly cause HI, as described below. Non-specific euchromatic se-
quence divergence is the likely cause of the failure of somatic chromosome pair-
ing in Drosophila hybrids [9]. Sibling species also often have large differences
in heterochromatin content [10, 11]. We suggest that these large-scale DNA
changes are under-explored as potential causes of aberrations in chromosome
function and gene expression in hybrids.
Unpredictable epistatic interactions. As detailed below, HI phenotypes are
caused by deleterious epistatic interactions between genes that have separately
diverged along the two hybridizing lineages. By definition, these epistatic ef-
fects will be specific to the hybrid and therefore unpredictable from examining
the parental species.
Gene expression changes. The net effect of genome-wide DNA divergence
and unpredictable epistatic interactions, as well as species-specific divergence
in regulatory pathways, can create large-scale aberrations in gene expression.
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Studies discussed below comparing gene expression patterns in hybrids to their
parental species have found many examples of non-additive gene expression in
hybrids.
Failure of epigenetic silencing and imprinting. A variety of epigenetic pro-
cesses control imprinting and silence repetitive DNAs, and failure of these epi-
genetic mechanisms can lead to the inappropriate activity of silenced genes and
repetitive DNAs in hybrids (reviewed in [12]). These effects could in turn cause
altered gene expression, DNA damage and chromosomal aberrations.
Asymmetric parental contributions. Uniparental inheritance of mitochondria,
mRNAs, proteins and non-coding small RNAs from the maternal cytoplasm can
create imbalances in hybrids between maternally inherited genetic material and
the paternally inherited zygotic genome. Epigenetic processes are particularly
susceptible to disruption in hybrids because they often depend critically on ma-
ternally inherited factors [12]. In one example, embryonic lethality induced by
a paternally inherited block of satellite DNA, has been proposed to result from
the inability of the maternal species to produce small RNAs required for its si-
lencing [13].
1.1.4 Practical consequences of the unique hybrid genetic back-
ground.
If hybrids constitute a distinct genetic background that cannot be predicted from
the parental species, then the genetic basis of HI must be studied in hybrids.
We emphasize this apparent truism because it means that intraspecific genetics
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may be a poor guide for understanding important questions such as why many
HI genes are recessive in effect. It also suggests that efforts to reconstitute HI
phenotypes within pure species may fail because the hybrid genetic background
may itself be an essential factor required for the epistatic interactions among HI
genes.
1.1.5 Why Mechanism Matters.
HI genes have been discovered in a wide range of taxa (Table 1), but the molec-
ular mechanisms underlying hybrid breakdown are still largely unknown. We
emphasize that intraspecific evolutionary forces drive divergence of HI genes,
and HI phenotypes themselves are thus secondary consequences of these forces.
Why then is it important to understand the mechanistic details of HI pheno-
types? First, there may be key traits or developmental pathways that recurrently
breakdown under the stress of divergent evolution, but that involve different
genes in different lineages. Such a pattern will become more readily apparent
by mechanistic investigations. Second, mechanistic understanding of incompat-
ibilities can highlight the functions of a HI gene that have diverged between the
hybridizing species, and thus suggest what evolutionary force drove the diver-
gence. Third, we note below that different approaches to identifying HI genes
make different assumptions about the mechanisms of HI gene function. Mech-
anistic studies will therefore help to assess which experimental approaches are
most likely to discover HI genes. Fourth, the dominance properties of HI genes
often cannot be directly determined from their genetic properties, because it is
not always possible to construct heterozygous and homozygous genotypes in
F1 and BC hybrids. One may instead need to infer dominance properties based
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on mechanistic studies of HI gene action. Fifth, for cases where the molecu-
lar basis of the incompatibility is nongenic, for example epigenetic regulatory
disruptions or a triggered mismatch repair pathway due to high sequence di-
vergence, a mechanistic understanding may be the only method for revealing
the cause of HI.
1.2 What Kind of Genetic Changes Cause HI?
1.2.1 Dobzhansky-Muller diverged genes.
We define Dobzhansky-Muller (D-M) genes as HI genes which cause incom-
patibility due to differences in their interaction patterns in hybrids versus pure
species (Figure 1.2). We use “interaction pattern” in the most inclusive sense,
including physical interactions of the HI gene’s protein product, mRNA, cis-
regulatory regions, or the DNA itself for noncoding HI genes. These differences
could cause incompatibility either as the loss of an essential interaction or the
gain of a negative ectopic interaction. We discuss D-M HI genes in detail below
(“D-M HI genes”).
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Table 1: Diverged Dobzhansky-Muller genes that cause hybrid lethality or sterility.
Locus Species Cross HI
phenotype
Approach used for
identification
No. of loci involved Molecular function in pure
species
Mechanism of
Incompatibility
Proposed HI-causing
divergence
Proposed evolutionary
basis
Refs
AEP2 Saccharomyces cerevisiae
X S. bayanus
F2 sterility Chromosome substitution;
screening genomic library
for complementation
2;AEP2 & OLI1
Nuclear-encoded
mitochondrial translation
factor
L.o.f. S. bayanus Aep2
fails to translate S.
cerevisiae OLI1 mRNA
Changes in CDS Mutational, response
to high mitochondrial
mutation rate or
Ecological, adaptation
to novel carbon
sources
[43, 94]
OLI1 S. cerevisiae X S. bayanus F2 sterility Candidate gene testing F0-ATP synthase subunit Divergent 5’-UTR sequence [43,94]
MRS1 S. cerevisiae X S. bayanus
or S. paradoxus
F2 lethality Selection for respiration
deficient hybrid clones;
screening genomic library
for complementation
2; MRS1 & COX1
Nuclear-encoded
mitochondrial splicing
factor
L.o.f. S. cerevisiae Mrs1
fails to splice ancestral
COX1 mRNA
Three amino acid substitu-
tions
[78,94]
COX1 S. cerevisiae X S. bayanus
or S. paradoxus
F2 lethality Candidate gene testing Subunit of cytochrome c
oxidase
Loss of intron in S. cere-
visiae
[78,94]
AIM22 S. cerevisiae X S. bayanus F2 lethality Selection for respiration
deficient hybrid clones;
screening genomic library
for complementation
Unknown Nuclear-encoded
mitochondrial lipoate
protein ligase
Unknown Unknown [78, 94]
Lhr Drosophila melanogaster
X D. simulans
F1 male
lethality
Mapping of rescue allele;
transgenic
complementation
≥ 3; Lhr & Hmr &
?
Heterochromatin-
associated protein of
unknown function
G.o.f. Determined by
genetic assays
Divergent cis-regulation
and rapid evolution of CDS
Mutational,
heterochromatin
turnover, or Conflict,
involving
heterochromatin-
mediated distortion or
drive
[51,
182,
this
thesis]
Hmr D. melanogaster X
D. simulans
F1 male
lethality; F1
female
lethality and
sterility
Mapping of rescue allele;
transgenic
complementation
Heterochromatin-
associated protein of
unknown function
Rapid evolution of CDS [7, 50,
127]
Zhr D. simulans X
D. melanogaster
F1 female
lethality
Mapping of rescue allele;
cytological confirmation
Unknown Pericentric satellite DNA G.o.f. Missegregation of
satellite DNA
Satellite DNA unique to D.
melanogaster
[111]
OdsH D. simulans X D. mauri-
tiana
BC-like male
sterility
Introgression mapping;
transgenic
complementation
Unknown Heterochromatin-
associated protein of
unknown function
G.o.f. Ectopic localization
to the D. simulans Y
Rapid evolution of DNA-
binding homeobox domain
Conflict, suppression
of heterochromatin-
mediated distortion or
drive
[8, 85]
Ovd D. pseudoobscura bo-
gatana X D. pseudoob-
scura pseudoobscura
F1 male
sterility
Introgression mapping;
transgenic
complementation
≥3; Ovd & ? Unknown Unknown Six amino acid substitu-
tions
Conflict, suppression
of sex-ratio distortion
[83, 84]
Nup96 D. melanogaster X
D. simulans
BC-like male
lethality
Mapping of incompatible
hemizygous region
≥3; Nup96 & ? Subunit of nucleopore L.o.f. and/or G.o.f. Rapid evolution of CDS Ecological, response to
pathogens, or Conflict,
suppression of
segregation distorters
[88, 90,
107]
Nup160 D. melanogaster X
D. simulans
BC-like male
lethality &
female
sterility
Introgression and
hemizygosity mapping;
transgenic
complementation
≥3; Nup160 & ? Subunit of nucleopore L.o.f. and/or G.o.f. Rapid evolution of CDS [57, 89]
Xmrk-2 Xiphophorus maculatus X
X. helleri
F2 lethality Mapping in backcrosses;
transgenic induction of
phenotype
Unknown Receptor tyrosine-kinase L.o.f. Deregulated expres-
sion of Xmrk-2
Novel promoter region ac-
quired after gene duplica-
tion
Unknown [125]
Prdm9 Mus musculus musculus X
M. musculus domesticus
F1 male
sterility
Mapping of HI
polymorphism; transgenic
complementation
≥3; Prdm9 &
Hstws & ?
Determinant of meiotic
recombination hotspots
L.o.f. Transgenic addition
of the Prdm9 fertile allele
to the incompatible back-
ground rescues sterility
Rapid evolution of DNA-
binding zinc finger domain
Mutational, response
to meiotic hotspot
turnover
[48, 97]
S5 Oryza sativa indica X
O. sativa joponica
F1 female
sterility
Mapping of HI
polymorphism; transgenic
complementation
2; O. s. indica S5
& japonica S5
Proteolytic enzyme in the
cell wall
G.o.f. Dominant negative
interaction between S5 al-
leles
Two amino acid substitu-
tions
Mutational, inferred
from minimal changes
in gene structure
[76]
SaM O. sativa indica X
O. sativa joponica
F1 male
sterility
Introgression mapping;
transgenic
complementation
3; O. s. japonica
SaM & O. s.
indica SaF & SaM
Predicted SUMO E3
ligase-like protein
G.o.f. Truncated SaM
creates negative
interaction with SaF
Change in intron structure [77]
SaF O. sativa indica X
O. sativa joponica
F1 male
sterility
F-box containing protein of
unknown function
A single amino acid substi-
tution
[77]
1.2.2 Chromosome rearrangements/karyotypic changes.
If two hybridizing species have different karyotypes then hybrids may suffer
from meiotic defects or produce gametes that are aneuploid, and thus be ster-
ile (reviewed in [2]). Polyploid hybrids are frequently sterile and are common
among plants [14]. Chromosomal inversions have also been widely implicated
in causing hybrid sterility. Recent work, however, suggests that sterility is not
directly caused by the inversions interfering with meiosis, but rather because
inversions are more likely to harbor diverged D-M HI genes compared to non-
inverted regions [15, 16, 17].
1.2.3 Gene transposition/reciprocal gene loss.
The simplest possible cause of HI is if hybrids lack a copy of an essential gene.
We classify examples of such genes as distinct from D-M genes because their
absence causes HI and does not require any functional divergence or change in
the interaction patterns of the gene. Gene absence, however, is not contradictory
to the widely-accepted Dobzhansky-Muller model [18, 19].
Gene transposition is one mechanism that can lead to this condition [20]. If
a gene transposes from one chromosome to another, then random segregation
in a BC1, F2 or later generation will lead to hybrids with no copies of the gene.
An example is JYalpha, which transposed from chromosome 4 to chromosome
3 in the ancestor of D. simulans. A homozygous introgression of D. simulans
chromosome 4 into D. melanogaster thus lacks JYalpha and is male-sterile because
this gene is required for male fertility [21].
8
Force and Lynch have argued that the asymmetric resolution of gene dupli-
cates may be a potent cause of HI [18]. Degeneration after gene duplication can
result in different paralogs becoming the sole active copy in different species, a
situation similar to gene transposition. This process has been shown to cause
lethality or sterility in inter-strain hybrids of Arabidopsis [22] and rice [23, 24].
Whole-genome sequence data allow accurate estimations of the potential
role of these processes in causing HI. Single-gene transposition is unlikely to
play a major role in causing HI in Drosophila, because the number of estimated
hybrid male sterility loci between closely related species [25, 26, 27, 28] vastly
exceeds the estimated number of high-confidence gene transpositions [29].
Scannel et al. [30] have reconstructed the ancestral pre-whole-genome du-
plication (WGD) genotype in yeast to argue that rapid loss of gene duplicates
after WGD occurred on the lineage leading to S. cerevisiae, at a rate that may
have contributed to speciation between post-WGD species. On the other hand,
genome-scale analysis of 5 fish species that post-date the teleost-specific WGD
found relatively few candidates of asymmetric paralog loss that were poten-
tially causal for speciation [31].
Plants might be expected to be more susceptible to this cause of HI because
they often contain large families of paralogous genes and higher rates of WGD
and polyploidy than animals [14, 32]. The HPA paralogs in Arabidopsis and the
DPL1/DPL2 paralogs in rice implicated in HI have degenerated multiple times
independently in their host species, suggesting that the same genes might re-
currently mutate to cause HI [22, 23]. Mizuta et al. [23] conclude, however, that
reciprocal gene silencing after duplication can only account for 1 out of about 30
known reproductive barriers between rice strains, and they note similar propor-
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tions in Arabidopsis. It appears then that while certain paralogous genes may
be particularly susceptible to reciprocal gene silencing, the overall rate is rather
low.
1.2.4 Sequence divergence.
Sequence divergence between parental genomes will lead to DNA mismatches
during the strand invasion step of meiotic recombination. This can in turn acti-
vate the mismatch repair pathway and block recombination. Meiotic crossovers
are necessary for accurate chromosome segregation, so a reduction in recombi-
nation increases the rate of aneuploidy which in turn can cause sterility. Delet-
ing mismatch repair proteins can partially suppress yeast hybrid sterility, argu-
ing that sequence divergence is a direct cause of HI in yeasts [33, 34].
1.2.5 Transposable elements and non-coding repeats.
Eukaryotic genomes vary greatly in size, largely due to differential abundance
of non-coding satellite DNAs and transposable elements. Zhr is the only known
example of a non-coding DNA that directly causes HI (Table 1). There are also
multiple reports of increased TE activity in hybrids (reviewed in [2, 12]) al-
though the effects on hybrid fitness are not clear. However, there is now a resur-
gent interest in the possible role of non-coding DNAs in HIs due to an increased
understanding of the molecular mechanisms that suppress selfish DNAs. As
we discuss below under “internal genetic conflicts”, selfish DNAs exert strong
selective pressures on their host species, which can lead to rapid evolution of
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host suppressor genes that in turn cause HI.
1.2.6 Dosage imbalances
Dosage-sensitive incompatibility is best illustrated by interploidy crosses be-
tween Arabidopsis species [35]. When diploid A. thaliana ovules are fertilized
by pollen from diploid A. arenosa, only 5% of hybrid seeds are viable. How-
ever, crosses using tetraploid A. thaliana ovules and diploid A. arenosa pollen
(4x X 2x) produce 79% viable hybrid seed. Interestingly, expression of ATHILA
retrotransposons is strongly induced in hybrid seeds, but the degree of deregu-
lation is lower in the more compatible interploidy cross (4x X 2x). Joseffson et
al. [35] determined that the derepressed ATHILA retrotransposons are strictly
paternally encoded. The authors suggest that hybrid inviability is due to in-
sufficient dosage of A. thaliana maternal repressors relative to the number of
ATHILA retrotransposon targets in the paternal A. arenosa genome. An increase
in the maternal ploidy level rescues seed lethality by correcting the imbalance
between the number of maternally expressed repressive factors and paternally
inherited transposons.
1.3 Approaches for Finding HI Genes
1.3.1 Mapping in backcrosses.
Standard genetic mapping can be used if one sex of F1 hybrids is fertile. For
example, F1 hybrid females of D. pseudoobscura and D. persimilis are viable and
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fertile, but the hybrid males are sterile. By backcrossing F1 females to pure
species males, recombinant backcross males can be phenotyped for fertility and
genotyped using visible and molecular markers. This approach was pioneered
by Dobzhansky [36], who concluded that hybrid male sterility factors are not
evenly distributed among chromosomes and also that sterility effects are addi-
tive.
The major advantage of this method is that it can assay incompatibilities
in early generation hybrids such as the BC1 or F2 generations which are most
relevant to reproductive isolation in the wild. In particular, it can capture com-
plex multi-locus interactions. A second advantage is its potential to be easily
extended using a high density of molecular markers. For example, quantitative
trait loci (QTL) mapping has been used to estimate the number and location of
regions contributing to hybrid male sterility along entire chromosomes or across
the genome [37, 38].
The major limitation is that the mapping resolution will be relatively low
in the absence of high recombination rates and large numbers of hybrids to as-
say. And like most other approaches that use recombination for mapping, genes
residing within regions inverted between the hybridizing species cannot be lo-
calized by backcross mapping.
1.3.2 Deviations from Mendelian ratios.
An alternative method is to look for deviations from Mendelian inheritance ra-
tios of the parental alleles in backcross or F2 populations. Compared to QTL
mapping which is typically performed on a predefined trait, this method has
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the advantage of potentially discovering different types of reproductive barri-
ers including gametophytic sterility and segregation distortion occurring in the
F1 parents as well as zygotic lethality in the F2 or BC progeny. The method has
been most widely applied to seed-bearing plants, for example refs. [39, 40] but
also to ferns [41] and Nasonia wasps [42].
1.3.3 Introgression.
Dobzhansky [36] described a natural extension to mapping in F2 or backcross
populations, namely to repeatedly backcross a candidate HI region from the for-
eign species into the hybridizing species, until the region has been introgressed
into an otherwise pure species background. Introgressions can then be whittled
down by recombination in order to map the HI genes. This approach was used
to clone the Odysseus hybrid sterility gene [8]. Introgressions can also include
whole chromosomes, as has been done in yeast and mice [43, 44].
One advantage of the introgression approach is that recombination is done
within the host species, which is generally easier to achieve with larger num-
bers compared to mapping in backcross hybrids. A second advantage is that
introgressions can be performed genome-wide to address rates and patterns of
HIs such as between different chromosomes and between males and females
[26, 45, 27, 28].
The major disadvantage of introgressions is that they will only detect rela-
tively simple interactions between the introgressed region and the host genome
(Figure 1.1). Incompatibilities caused by interactions between unlinked genes of
the donor species will not be detected unless multiple introgressions are com-
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bined together.
1.3.4 Polymorphic HI factors.
One advantage of mapping HI genes still segregating in the population is that
it may bias for the recovery of incompatibilities that are relatively recent. Many
HI phenotypes in plants show great variability in penetrance depending on the
strains used. Some strains of Crepis tectorum produce lethal F1 hybrids when
crossed to C. capillaris. Hollingshead [46] discovered a strain of C. tectorum that
produced lethality of only half the hybrids, and deduced that this strain was
heterozygous for a single hybrid lethality factor. She also made the important
discovery that this lethal factor causes no phenotype within C. tectorum even
when homozygous.
More recently the first vertebrate HI gene, Prdm9, was mapped using this
approach. The house mouse subspecies, Mus. m. domesticus and M. m. mus-
culus, diverged from a common ancestor only within the last 0.5 million years
yet are isolated by at least two sets of D-M incompatibilities [47]. The incom-
patibility system is very complex, with mice from both species polymorphic for
the sterility-causing loci. Some laboratory inbred strains of M. m. domesticus,
such as C57BL10, when crossed to wild mice from M. m. musculus produce
completely sterile F1 hybrid sons, while other strains, such as C3H/Di produce
fertile progeny. This strain-specific difference was mapped to a single polymor-
phic locus on chromosome 17, Hybrid sterility1 (Hst1), and shown to correspond
to the gene Prdm9 [48]. Interestingly, like Hst1, both sterile and fertile alleles of
the Hst1 interacting locus Hstw are segregating in multiple populations of wild
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mice [49].
1.3.5 Rescue or suppressor alleles.
F1 hybrid sons or daughters of D. melanogaster and D. simulans are lethal, de-
pending on the direction of crossing. Several rare alleles have been found in
laboratory or wild strains that produce viable hybrids of the otherwise lethal
sex. These suppressor strains led to the identification of the Hmr, Lhr and Zhr
HI loci (Table 1). The ease of mapping these suppressors relative to non-rescuing
wild type alleles is one advantage of this approach. This approach could also
potentially be used to find all genes causing an incompatibility by laboratory
mutagenesis. However, one concern with rescue alleles is that they might act as
suppressors of HI while not being directly involved themselves, for example by
creating neomorphic alleles. To date this has not been a problem, as the Hmr,
Lhr and Zhr rescue alleles are loss-of-function mutations of wild type genes that
directly cause hybrid lethality [50, 51, 52, 53]. A more severe limitation is that
this approach will likely only work for HIs that have a simple genetic basis, be-
cause complex multilocus interactions are unlikely to be suppressed by a single
gene mutation.
1.3.6 Other genetic screens.
Laboratory model organisms such as D. melanogaster have collections of strains
that delete defined segments of the genome. One can then cross such deletions
into hybrids and look for regions that when hemizygous cause HI; the interpre-
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tation of such effects being that the deletions are uncovering recessive HI genes.
Several such screens have been performed [54, 55, 56], and led to the discovery
of two adaptively evolving nucleopore subunit genes, Nup96 and Nup160, that
cause hybrid lethality (Table 1).
One concern with this approach is that the screens are based on fitness of
F1 hybrids that are heterozygous for large deletions, which is a genotype never
found in normal hybrids. Lethality could potentially be caused by haploinsuf-
ficiency rather than a true hybrid incompatibility. Hybrids are more sensitive
to imbalances of gene dosage than pure species, making it likely that adverse
effects of haploinsufficiencies are exacerbated in the hybrid background. These
effects may be particularly problematic when trying to make quantitative es-
timates of HI gene density, such as in ref. [56]. One way to confirm that a
hemizygous deletion is uncovering bona fide D-M HI genes is to ask whether
the same region also causes HI when made homozygous in hybrids. Such a test
has been performed for the Nup160 region by introgressing it from D. simulans
into D. melanogaster, where it was found to cause lethality to F1 hybrid males
when homozygous [57].
1.3.7 Transcriptional profiling.
Both intuition and modeling suggest that disruptions of gene regulatory path-
ways may contribute to HIs [58]. Several studies have used whole-genome ex-
pression profiling to reveal substantial differences in gene expression between
hybrids and their parental species [59, 60, 61, 62, 63, 64]. As noted by Michalak
and Noor [63], the challenge then becomes determining which changes are asso-
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ciated with HI and identifying the genetic events causing gene misexpression.
The results to date are mixed. A study comparing lethal D. melanogaster/D.
simulans hybrid males with those rescued by the Hmr mutation found rela-
tively few genes differentially expressed. Proteosome subunit genes were over-
represented among these, but limited genetic tests failed to find any effects on
hybrid fitness [65]. Walia et al [66] compared viable and inviable seeds from in-
terspecific Arabidopsis hybrids, identified a cluster of coregulated AGAMOUS-
LIKE (AGL) genes as differentially expressed, and found that mutations in two
of them significantly increase hybrid seed viability. The authors suggest that
epigenetic dysregulation of AGL genes is likely the downstream effect of failure
or incompatibility in hybrids of the polycomb-repressive complex (PRC).
An alternative approach put D. simulans/D. mauritiana hybrids through 5
generations of backcrossing, and looked for associations among gene expres-
sion levels, fertility and genotype [67]. Several genes were consistently under-
expressed in sterile hybrids, and this phenotype was associated with a region
containing the OdsH hybrid sterility gene. Finer-scale mapping of this region
could potentially identify the specific gene(s) that correlate with altered gene
expression. Although gene expression profiling has not led to the discovery
of new HI genes, it has revealed interesting patterns in hybrids such as differ-
ences in gene expression between the sexes or between X chromosomes and
autosomes [68, 69, 70].
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1.3.8 Biochemical and molecular tests.
Hybrids between isolated populations of the copepod Tigriopus californicus show
a range of hybrid breakdown phenotypes in the F2 generation that suggest in-
compatibility between the nuclear and mitochondrial genomes. Sensitive in
vitro biochemical assays using preparations of cytochrome c (CYC) variants show
a reduced rate of oxidation when tested with mitochondrial extracts from dif-
ferent populations, and led to the proposal that nuclear-encoded CYC genes
are coevolving with mitochrondrial-encoded cytochrome c oxidase (COX) genes
within T. californicus populations [71]. Genetic studies suggest that additional
incompatibilities occur between other mitochondrial and nuclear genes involved
in the mitochondrial electron transport system [72].
1.4 Genetic Interactions and the D-M Model
How do genes causing deleterious phenotypes in hybrids evolve without species
themselves going through reduced fitness? The solution is that each of a pair
of interacting genes evolves independently in separate lineages, and the dele-
terious interactions between them only occur in hybrids (Figure 1.2). We refer
to this as the Dobzhansky-Muller model [73, 74], although Orr has convincingly
argued that Bateson independently derived the same solution [75]. The simplic-
ity and generality of the D-M model explains why it has continued to guide HI
genetics for over 70 years. Here we discuss several important open questions
that delve deeper into the implications of this model.
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Figure 1.2: Dobzhansky-Muller incompatibility models.(A) Two-locus loss-of-
function incompatibility. In an ancestor (top) two interacting loci are depicted.
Over time, mutations arise leading to lineage-specific co-evolution between the
interaction partners. In the hybrid (bottom), the diverged alleles are now inca-
pable of interacting. Hybrid incompatibility results from the loss of this essen-
tial interaction. (B) Two-locus gain-of-function incompatibility. Three loci are
depicted, two of which interact in the ancestor while the third one (in green)
does not. In one of the lineages, the interacting partners co-evolve in the ge-
netic background of the ancestral third loci. In the second lineage, mutations
arise leading to divergence of the non-interacting third locus. In the hybrid, this
lineage-specific divergence results in the gain of an ectopic interaction.
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1.4.1 Are HIs simple or complex?
The D-M model is typically illustrated as involving 2 loci but it can be easily
extended to multiple loci [19]. The strongest experimental proof that a two
locus interaction is causing HI is if by introducing the D-M partner into the
hybridizing species, the incompatibility phenotype is recreated. This has been
achieved for the inter-allelic hybrid sterility locus S5, where rice plants of the
japonica strain when transformed with indica S5 allele have greatly reduced fer-
tility [76]. A more complex three-locus incompatibility also occurs in rice, in-
volving both the indica and japonica alleles of the SaM locus and the indica allele
of the adjacent SaF locus, and has been similarly recreated in a pure species
background [77]. The yeast mitochondrial-nuclear incompatibilities involving
AEP2 and OLI1, and COX1 and MRS1 also each appear to be fully explained
by a pairwise interaction [78, 43]. Numerous other examples of putative 2-locus
HIs have been discovered in plants although the causal genes have not yet been
identified, for example refs. [79, 46, 80].
The question of whether HIs are genetically complex is often framed in terms
of how many total genes contribute to a broadly defined HI phenotype, such as
male sterility. For some Drosophila species, the answer from introgression stud-
ies is clearly “very many” [26, 81, 27]. But it is unclear whether these incom-
patibilities represent many evolutionary independent two-locus HIs caused by
distinct mechanisms, a small number of multi-locus HIs with the same mecha-
nistic basis, or something in between. Several approaches suggest themselves
for addressing the complexity of HI phenotypes. One is to fully dissect the effect
of a single introgression. One such high resolution study found that full sterility
requires the interaction of multiple loci [82]. A second is to combine together in-
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trogressions that have weak phenotypes in order to detect interactions between
regions causing more severe HI phenotypes [9]. A third approach has used
QTL mapping to demonstrate that full sterility typically requires epistatic inter-
actions among multiple loci [38]. Finally, studying more closely related species
offers the promise of completely dissecting an HI phenotype. Male sterility be-
tween subspecies of D. pseudoobscura offers a strong opportunity to understand
fully the epistatic interactions causing HI. While additional regions may be in-
volved, 4 interacting loci have been mapped and one of them, Ovd, has already
been identified [83, 84].
1.4.2 Is incompatibility in hybrids caused by loss or gain of
gene function?
Often, even after the molecular identification of the HI loci the mechanism un-
derlying the incompatibility phenotype is unclear. The Dobzhansky-Muller
model is equally consistent with HI being caused by either the loss of an es-
sential interaction or the gain of a negative ectopic interaction. However, a dis-
cussion of HI loci using standard genetic terminology, such as gain or loss of
function alleles, is complicated by divergence along the two lineages. Genetic
interactions unique to the hybrid may evolve, such that the function in question
may not necessarily be predictable from pure-species effects. Additionally, the
two orthologs of a HI gene have evolved independently, thus each ortholog of
an HI gene is unlikely to cause the same effects. There is also a practical prob-
lem, namely that one cannot always perform the necessary formal genetic tests
that require manipulating HI gene activity, most critically introducing defined
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loss-of-function mutant alleles. Mechanistic investigations, however, often pro-
vide interpretable data that can distinguish between loss and gain of function
mechanisms.
Loss-of-function HI genes. Loss of an essential interaction in the hybrid back-
ground can evolve as the by-product of lineage-specific coevolution of interac-
tion partners (Figure 1.2). Chou et al. [78] found that the S. cerevisiae nuclear-
encoded mitochondrial splicing factor MRS1 is incompatible with the S. bayanus
or S. paradoxus mitochondrial-encoded COX1 gene. Replacement of S. bayanus
or S. paradoxus MRS1 with S. cerevisiae MRS1 results in drastic reduction of ma-
ture mitochondrial COX1 mRNA. Comparison of the COX1 gene structure re-
vealed that an evolutionary conserved intron is missing only in the S. cerevisiae
lineage. This observation strongly suggests that coevolution between COX1 in-
tron structure and its splicing factor MRS1 led to the loss of the ancestral splicing
activity in S. cerevisiae MRS1. This hypothesis is further supported by functional
analysis ascribing the loss of splicing activity to three amino-acid substitutions
derived in the S. cerevisiae lineage. In another example of cytonuclear incompat-
ibility, a sporulation defect is caused by the inability of the Aep2 protein from
S. bayanus to regulate the translation of the S. cerevisiae OLI1 mRNA [43]. AEP2
therefore also behaves as a loss-of-function mutation in a hybrid background.
Gain-of-function HI genes. In a gain of function scenario the HI gene product
either acquires a negative ectopic interaction with a gene in the hybrid back-
ground that does not occur in pure species or the hybrid genome becomes sen-
sitive to gene activity in a way that is deleterious (Figure 1.2).
For the hybrid male sterility gene OdsH molecular evidence strongly sug-
gests gain of ectopic localization as the basis of incompatibility [85]. D. mauri-
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tiana OdsH when expressed in D. simulans exhibits extensive mislocalization to
the D. simulans Y chromosome, which is likely caused by the dramatic sequence
divergence in the OdsH DNA-binding homeodomain.
Hybrid sons from a cross of wild type D. melanogaster mothers to D. simulans
fathers are inviable. A loss of function mutation at the D. simulans Lhr locus
reverses this lethality, demonstrating that the presence of wild type Lhr causes
dominant lethality to hybrids [51]. However, hybrid lethality is not simply the
consequence of an unregulated excess of Lhr activity, because ubiquitous over-
expression of Lhr within D. melanogaster has no effect. Thus, incompatibility
is best explained by the Lhr protein acquiring a negative ectopic interaction in
the hybrid background, but the molecular nature of this interaction remains to
be identified. Unlike OdsH, Lhr orthologs do not appear to mislocalize when
expressed in a foreign species [86].
Three gain-of-function incompatibility systems have been recently identified
in rice [76, 77, 87]. In each case a gain-of-function mechanism is inferred because
addition of the HI gene ortholog into a wild type background of the hybridizing
species recreates the incompatibility phenotype.
Complex cases. The Nup96 and Nup160 nucleoporins, encoding subunits of the
Nup107 nucleopore-subcomplex, cause HI between Drosophila melanogaster and
its close relative D. simulans [88, 89]. They and other members of this complex
show rapid sequence divergence driven by adaptive evolution, suggesting func-
tional divergence due to lineage-specific coevolution of the subcomplex [90]. A
simple loss-of-function scenario would mean that a functional nucleopore fails
to assemble when only D. simulans subunits of Nup96 or Nup160 are present.
An alternative scenario is that the lineage-specific divergence could be acting
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as deleterious gain of function mutations, for example by preventing other sub-
units from assembling or by poisoning nucleopore function. A realistic interpre-
tation is that these HI genes may share both loss- and gain-of-function attributes
[91].
1.5 What Evolutionary Forces Lead to HIs?
The D-M model proposes that HI is a secondary consequence of intraspecific
divergence. The answer to the evolutionary origins of HI therefore lies in un-
derstanding the evolutionary origins of the culpable divergence. We consider
here 3 major evolutionary mechanisms causing this divergence: ecologic adap-
tation, neutral mutational processes, and internal genetic conflicts.
We highlight in this section two important points. One is that all three of
these evolutionary mechanisms can lead to signatures of positive selection in
HI genes. While the terms “positive selection” and “adaptive evolution” are
often used interchangeably, signatures of selection in a gene can also arise in
response to non-adaptive neutral mutational processes or internal genetic con-
flicts. Both processes can induce negative fitness costs, to which the organism
adapts by evolving suppressors, but the “adaptation” is to ameliorate negative
fitness costs. We therefore suggest that it is premature to classify the evolution
of HI genes Hmr and Nup96 as reflecting the action of “ecological factors” sim-
ply because they have evolved under positive selection [92].
A second important point is that distinguishing among these 3 very differ-
ent mechanisms is challenging. We will illustrate this by discussing how all 3
mechanisms could plausibly explain the origin of nuclear-mitochondrial incom-
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patibilities.
1.5.1 Ecological Adaptation.
The term ecological adaptation of HI genes follows from the widely used (though
not always appreciated) term “ecological speciation” [93, 92]. This type of HI
would be a consequence of organisms adapting to new or altered environments,
food sources or external pathogens.
Chou and Leu [94] note that nuclear-mitochondrial yeast incompatibilities
could be a consequence of yeast species adapting to different carbon sources,
reflecting evolved differences in the ability of species to utilize non-fermentable
carbon sources. Since mitochondria are a critical organelle for regulating en-
ergy metabolism, this type of ecological differentiation is a plausible driver of
divergence of mitochondrial genes.
The widespread observation of necrosis among both intraspecific and inter-
specific plant hybrids is the most plausible example of selective pressures driven
by pathogens as the cause of HI. A number of plant immune system genes and
gene families are evolving rapidly and some have been implicated in hybrid
necrosis [1].
1.5.2 Mutational Processes.
The cases of chromosome re-arrangements, gene transpositions, reciprocal gene
silencing, and sequence divergence described in the section “What kind of ge-
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netic changes cause HI” are clear examples of how mutational processes can
directly cause HI.
The evolutionary pattern of nuclear-mitochondrial incompatibilities might
also be explained by the high mutation rate of the mitochondrial genome due
to a high level of oxidative damage, an inefficient DNA repair system, and the
lack of protective histone molecules (reviewed in [94]). In this scenario, the
mitochondrial-encoded HI genes evolve rapidly for mutational reasons, and
their nuclear-encoded interacting partners co-evolve within lineages to remain
compatible. In the hybrid, mismatched partners would fail to interact and thus
cause HI.
Similar to high mutation rates in the mitochondrial genome, purely muta-
tional changes in the nuclear genome can also alter the internal genetic environ-
ment of an organism sufficiently to be the driver of positive selection in protein-
coding genes. One example may be the hybrid sterility gene Prdm9. Recombina-
tion hot-spots are sites in the genome with a high frequency of meiotic recom-
bination. Being preferential targets of recombination they preferentially accu-
mulate double-strand breaks (DSBs). To promote chiasmata formation, meiotic
DSB repair inherently favors the non-sister chromatid as template. If the non-
sister chromatid is polymorphic for the recombination hot-spot sequence, its
sequence will “erase” the initiating hot-spot sequence. The survival of recombi-
nation hot-spot sequences has therefore been a paradox: How do sequences that
by definition encode their own extinction persist [95]? The rapid evolution of
the zinc fingers of Prdm9 that encode its hot-spot recognition capacity provides
a clever answer to this long-standing question [96]. As established meiotic hot-
spots degrade, the zinc fingers encoded by Prdm9 will evolve to recognize new
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sequences, thus “reinventing” a new hot-spot motif. As this process repeats
itself Prdm9 will accumulate signatures of adaptive evolution, as has been de-
tected among mammalian species [97]. The interesting discovery that allelic
variation in the human Prdm9 zinc finger array contributes to hot-spot activity
and meiotic instability further supports the hypothesis of co-evolution between
Prdm9 and meiotic hot-spot sequences [98].
The mutational process of unequal crossing over can be the origin of HI-
causing divergence in non-coding satellite DNAs [99]. Small-scale variation in
satellite abundance is likely to be neutral in effect, but over time larger scale
differences may accumulate and become deleterious, for example by interfer-
ing with DNA replication or chromosome segregation. Host genes would then
evolve to ameliorate these fitness costs. HI genes encoding heterochromatin
proteins such as Lhr and Hmr potentially fit this scenario.
1.5.3 Internal Genetic Conflicts.
Defining internal genetic conflict. Genetic conflict between two entities re-
quires that a selective advantage to one comes at a cost to the other. Without cost
there is no conflict. Proving cost is therefore key to showing that two genetic en-
tities indeed have conflicting interests. Conflict occurs at multiple levels. One
kind of conflict is external, for example between microbial or viral pathogens
and their host species. Because it involves an organism adapting to external
factors we classify this type of situation above under ecological adaptation.
Internal conflicts can occur between the nuclear genome and the cytoplasmically-
transmitted mitochondrial and chloroplast genomes [100]. Because these or-
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ganelle genomes are exclusively transmitted through females, conflicts with the
nuclear genome will preferentially harm males. This type of conflict may ex-
plain the high prevalence of cytoplasmic male sterility in plants. The resolu-
tion of conflicts between mitochondrial and nuclear genomes can lead to co-
evolution of their genomes, with HI resulting from disruptions of co-adapted
mitochondrial and nuclear gene complexes.
Internal conflicts will also occur when an organism is challenged by selfish
genetic elements within its own genome. Transposable elements are a prime
example, because they are self-replicating genomic parasites that can cause mu-
tations and chromosomal rearrangements in the host genome [101]. A second
type of internal conflict is driven by heterochromatic repeats that can lead to
non-Mendelian transmission ratios in their favor. One well-studied example
is the Drosophila segregation distortion system, where heterozygous SD/SD+
males produce almost exclusively SD-bearing progeny. The target of distor-
tion is the Responder locus (Rsp), which corresponds to an A/T-rich satellite
DNA repeat [102]. Strikingly, greater the abundance of satellite repeats, greater
is the degree of distortion. A second example is female meiotic drive, where
selfish elements that bias random segregation can evolve to exploit the fact
that only 1 out of 4 meiotic products becomes a gamete during female meiosis
[103, 104, 105]. Centromeric drive is one type of female meiotic drive, whereby
expansions of pericentromeric satellite DNAs enhance transmission of linked
centromeres to the oocyte, perhaps by capturing a greater fraction of spindle mi-
crotubules. Evidence strongly supporting satellite-mediated centromeric drive
is observed in hybrids between two Mimulus species, where expansion of cen-
tromeric repeats is linked to transmission ratio distortion during female meiosis
[106].
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Genetic conflict provides a very different view of heterochromatin evolution.
Unequal crossing over remains the molecular mechanism leading to variation,
but if a variant that can selfishly manipulate meiosis or gametogenesis evolves
it will rapidly reach high frequency, setting off an arms-race within the host
genome to counteract this acceleration.
How does genetic conflict lead to HI? Because genetic conflicts are deleterious
to the host species, suppressors will typically arise in the host species to reduce
or eliminate the conflict. If this species then hybridizes with a species that has
not experienced the conflict, HI can occur if the driver of the conflict segregates
away from the suppressor, unleashing the conflict in hybrids. Alternatively, if
the suppressor has pleiotropic functions, then divergence of the suppressor may
create deleterious interactions in the hybrid and thus cause D-M incompatibility.
Why inferring genetic conflict as a cause of HI is challenging.
(a) Genetic conflicts are transitory. Conflicts that exert strong deleterious
effects will be rapidly suppressed or their hosts will go extinct. Traces of past
conflicts may then disappear if the driver of the conflict becomes a pseudogene
or is purged from the host. For example, transposable elements are often rapidly
silenced and accumulate inactivating mutations and deletions [101].
(b) Pleiotropy. Drivers and suppressors of conflicts may be pleiotropic,
so that patterns of adaptive evolution in these entities cannot be uniquely at-
tributed to genetic conflict. For example, Presgraves [107] has described a com-
pelling hypothesis that nucleopore proteins have evolved under positive selec-
tion because they are recurrently suppressing conflicts involving segregation
distorters, with the caveat that the nuclear pore is a highly pleiotropic structure
29
that may be subject to multiple and distinct evolutionary forces.
(c) Neutral alternatives. Non-coding elements such as heterochromatic re-
peats have a strong potential to cause genetic conflict, but it is difficult to detect
and quantify signatures of selection in non-coding DNA. Furthermore, as we
have outlined above, there are wellestablished non-selective mechanisms that
are sufficient to account for variation in heterochromatic DNA.
Evidence and examples suggesting genetic conflict as a driver of HI. Perhaps
the most compelling evidence is if a hybrid genotype associated with HI also
shows evidence of the genetic conflict. The hybrid sterility gene Ovd is the best
example of this. Crosses between subspecies of D. pseudoobscura result in hybrid
sons that are almost completely sterile. When these hybrid males are able to re-
produce, they produce nearly all daughters. Phadnis and Orr discovered that a
single locus, Ovd, contributes to both sterility and sex-ratio distortion in hybrid
males [84]. While it remains possible that the sex-ratio distortion in hybrids oc-
curs as a pleiotropic consequence of Ovd divergence unrelated to suppressing
distortion within species, further studies of Ovd function in D. pseudoobscura can
test whether it is involved in suppression of sex-ratio distortion.
There are at least two additional cases of close genetic associations between
segregation distorters and hybrid sterility, although the causal genes have yet
to be identified. Male mice heterozygous for the t haplotype (+/t) transmit the
t-bearing chromosome to nearly all offspring. Four hybrid sterility factors have
been mapped to the t haplotype region, one of which (Hst6) may correspond
to the distorter element Tcd2 locus [108, 109].A second example comes from an
introgression from D. mauritiana into D. simulans which causes both sex-ratio
distortion and reduced male fertility. Tao and colleagues have mapped the lo-
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cus, named Tmy, to a region less than 80 kbp in length [110].
A second line of evidence for conflict is when an HI gene interacts with or
co-localizes within the cell with conflict-prone entities. The OdsH hybrid male
sterility gene provides the strongest example of this second class of HI genes as-
sociated with genetic conflict, because as described above the heterochromatic
localization properties of OdsH proteins from the hybridizing species have di-
verged as a consequence of rapid evolution of the DNA binding homeodomain
[85]. The implicit assumption linking genetic conflict and OdsH is that this di-
vergence in binding site evolved in response to segregation distortion in males
or meiotic drive in females. It is unclear though, how OdsH might mediate
either form of genetic conflict since it is only detected in premeiotic stages of
males [85]. Molecular identification of the co-introgressed factors required for
hybrid sterility may reveal more about the molecular mechanism underlying
the incompatibility, and thereby its evolution.
A reciprocal situation is observed in the incompatibility involving the Zhr
locus. Here the HI gene is a species-specific heterochromatic repeat, present on
the D. melanogaster X-chromosome, but absent in D. simulans [111]. The paternal
D. melanogaster X-chromosome, containing the Zhr satellite block, fails to segre-
gate in a D. simulans maternal background. One hypothesis is that this satellite
repeat is a selfish genetic element and the D. melanogaster lineage adapted to its
expansion by evolving lineage-specific suppressors. The cytoplasm of the D.
simulans mother would lack these suppressors since it does not contain the Zhr
satellite block, thereby derepressing this conflict in hybrid daughters. However,
as with all satellite evolution the null hypothesis that neutral evolution is re-
sponsible for the interspecific difference cannot be excluded. Comparing fitness
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differences within D. melanogaster of variation in Zhr satellite abundance may
help to distinguish between these hypotheses.
Going forward with conflict hypotheses.Internal genetic conflict remains a com-
pelling hypothesis to explain the underlying cause of many cases of HI. Alterna-
tive hypotheses, however, are not easily refuted. We thus consider approaches
for further testing internal genetic conflict hypotheses.
(a) Investigating the intraspecific phenotypes of HI genes. If HI genes are
involved in defense against chromosomal drive-based internal genetic conflicts,
then one expects to see chromosomal defects during or after meiosis in HI gene
mutants. Strikingly, Hmr, Lhr, Zhr and OdsH loss-of-function mutant flies form
viable stocks, and when investigated more carefully reveal only subtle reduc-
tions in female or male fertility [5, 6]. One way to further understand their
intraspecific functions will be to test if they have stronger mutant effects in ge-
netic backgrounds that are partially comprised for heterochromatin formation
or maintenance. A more direct, but challenging, test of the role of HI genes in
suppressing drive is to ask if drive phenotypes are exacerbated in HI gene mu-
tant backgrounds. Such tests will require chromosomes that are polymorphic
for defined segments of heterochromatin.
(b) Looking for lineage-specific versus recurrent selection. Is it possible to
distinguish between signatures of selection left by genetic conflict compared to
responses to ecological or mutational events? Each species has a unique history
of invading selfish genetic elements. Each instance of conflict is therefore pre-
dicted to be transitory and to quickly evolve suppressors, and thus be confined
to single lineages. Lineage-specific divergence thus might be diagnostic of HI
genes that have evolved to suppress genetic conflict. For example, all seven non-
32
synonymous fixed differences of Ovd are derived in the D. pseudoobscura bogota
lineage, consistent with an evolutionary history of segregation distortion being
confined to this lineage [84]. In the case of OdsH, although the homeodomain
has diverged in D. melanogaster and D. simulans, the acceleration is significantly
greater in D. mauritiana [8].
In contrast, signatures of selection for Nup96, Nup160, and Lhr are not re-
stricted to only one of the hybridizing lineages [51, 88, 89], and both Prdm9
and Hmr have experienced recurrent selection along multiple lineages [112, 97].
The recurrent evolution of the zinc fingers encoded by Prdm9 is consistent with
adaptation to the recurrent mutational pressure it faces as the determinant of
meiotic hotspots but for Hmr its evolutionary pattern is impossible to interpret
because its molecular function is unknown. A critical question is whether cer-
tain genes are recurrently involved in suppressing genetic conflicts. For exam-
ple, genes involved in nuclear transport have been proposed to be recurrently
involved in suppressing segregation distortion [107, 113]. We suggest continu-
ing to test for lineage-specific versus recurrent selection for HI genes, but it will
need to be coupled to functional analyses in order to determine its discrimina-
tory power for identifying genetic conflict as a cause of HI.
(c) Linking the signature of conflict to the substitutions causing HI. If ge-
netic conflict is the underlying cause of HI, then the sequence changes in a HI
gene that are occurring in response to the conflict should also be causing the
HI phenotype. The hybrid lethality gene Lhr encodes a heterochromatin pro-
tein whose coding sequence has diverged under positive selection between D.
melanogaster and D. simulans [51, 114].We have suggested Lhr as another candi-
date for having co-evolved with selfish heterochromatic elements under genetic
33
conflict. However, contrary to our expectations, Lhr orthologs from both hy-
bridizing species have hybrid lethal activity and foreign-species Lhr proteins
localize normally to heterochromatin when expressed in D. melanogaster [86].
Further analysis has revealed that despite striking divergence of the protein
coding sequence, cis-regulatory divergence affecting transcript levels is respon-
sible for the different hybrid lethal properties of Lhr orthologs (S.M. and D.A.B.,
unpublished data).
(d) Quantifying heterochromatin variation in natural populations and its
phenotypic consequences. The variation that results in substantial interspe-
cific divergence in heterochromatin must originate within populations, but the
nature of this variation is largely unknown. If heterochromatin variation is en-
tirely neutral, then variation should be governed by mutational mechanisms
such as unequal crossing over and be continuous. Alternatively, if heterochro-
matin variation is driven by genetic conflicts, then driving chromosomes should
quickly sweep through populations and remove most of the variation. More
complicated scenarios may need to be considered, however, because heterochro-
matic drivers can induce pleiotropic fitness costs that keep them from fixing in
populations [106]. Phenotypic assays will therefore need to be coupled to sur-
veys of heterochromatin variation in order to understand fully the population
dynamics of heterochromatin.
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1.6 Future Directions of HI Studies
1.6.1 Younger and simpler species models.
A chronic concern is whether HI genes were directly involved in causing speci-
ation, or instead evolved after full reproductive isolation. An obvious answer to
this problem is to turn to younger species pairs that manifest early-stage HI phe-
notypes, such as the subspecies of D. pseudoobscura we have described above.
There are also intriguing cases such as D. virilis and D. americana, which have
relatively high sequence divergence yet seem to have a much simpler genetic
basis of hybrid sterility compared to other Drosophila [115].
1.6.2 Mechanistic models.
On the other hand, the challenges inherent in rigorously confirming the iden-
tity of HI genes and understanding the evolutionary forces and mechanisms
underlying HI phenotypes remain formidable even in experimentally tractable
organisms. For this reason laboratory model organisms will continue to pro-
vide essential discoveries about HI genes, even if their direct relevance to speci-
ation is less clear. The recent discovery of a pair of Caenorhabditis species that
produces fertile F1 hybrids opens up great possibilities for molecular genetic
approaches to HI in a new experimental model [116].
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1.6.3 Genome divergence scans for identifying candidate genes.
Genetic evidence is ultimately required to conclusively identify HI genes, but
fine-scale mapping can be slow and laborious. Candidate genes for HI pheno-
types like male sterility may be identified by their signatures of rapid evolution,
testis expression and possible known roles in male fertility [117].
1.6.4 Intraspecific incompatibilities.
The neo-Darwinian synthesis posits that intras-pecific variation and interspe-
cific divergence exist on a continuum. It is less clear if this also holds for incom-
patibilities, because alleles causing intraspecific incompatibility will be strongly
selected against unless they exist in isolated populations. However, a number
of intriguing cases of intraspecific incompatibilities have been reported [118,
119, 120, 121]. Yeast again has provided exceptional opportunities for unrav-
eling the genetic basis of incompatibility, with an inter-strain defect in DNA
mismatch repair being shown to result from a single amino-acid change in each
of two interacting proteins [120]. A substantial number of sterile and lethal in-
teractions have recently been discovered between D. melanogaster populations
[122]. Assessing the relevance of such intraspecific incompatibility to interspe-
cific HI then requires an understanding of the patterns of gene flow between
populations.
36
1.6.5 Embracing complexity.
Many HI phenotypes involve multiple genes that display complex epistatic in-
teractions. Untangling these phenotypes is not just necessary in order to iden-
tify all the causal HI genes. Rather, important general properties such as the
degree of dominance cannot be accurately assessed without considering the full
set of epistatic interactions involved [123]. The challenge of fully understand-
ing genetic complexity of HI phenotypes will be resolved in part by the ability
to genotype more recombinant progeny and phenotype them with more sophis-
ticated assays in QTL mapping experiments.
37
CHAPTER 2
RECURRENT POSITIVE SELECTION OF THE DROSOPHILA HYBRID
INCOMPATIBILITY GENE HMR1
2.1 Introduction
Progress has been made in understanding the genetics of speciation by reduc-
ing the complexities of speciation to investigation of the genetic basis of repro-
ductive isolation [124]. A population undergoing divergent evolution can ul-
timately result in the creation of reproductively isolated populations, or new
species. The evolution of reproductive isolation requires the establishment of
barriers to gene flow, often multiple barriers acting together at various stages
in the life cycle of the organism. Hybrid incompatibility (HI), the sterility and
inviability of interspecific offspring, is a postzygotic barrier to gene flow. As
it is relatively easy to measure the viability and fertility of hybrid progeny, HI
has been more amenable to genetic dissection than other reproductive isolating
mechanisms. The study of HI loci is also of great interest because it addresses
how developmental pathways may diverge between taxa, a process that char-
acterizes both genome evolution and speciation.
Five HI genes have been described: Xmrk-2 from the fish Xiphophorus, and
the Drosophila genes OdsH, Hmr, Nup96 and Lhr, [125, 8, 126, 88, 51]. Based on
sequence homology two of these genes might be involved with transcriptional
regulation or chromatin binding (OdsH and Hmr), Nup96 encodes a component
1This is a manuscript published as Maheshwari S., Wang J. & Barbash D.A. (2008) Mol. Biol.
Evol. 25(11):24212430. Author contributions are as follows: S.M. J.W. & D.A.B conceived and
designed the experiments. S.M & D.A.B performed the population sequencing. S.M. analyzed
data for all the tables and Fig. 2.1 and J.W. analyzed data for Figs. 2.2 & 2.3. S.M. & D.A.B. wrote
the paper.
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of the nuclear pore complex, Lethal hybrid rescue (Lhr) encodes a heterochromatin-
associated factor, and Xmrk-2 encodes a receptor tyrosine kinase. Mitochondrial
cytochrome c oxidases show significant reductions in activity in combination
with nuclear-encoded cytochrome c proteins that derive from different popula-
tions of copepods, making their respective genes strong candidates for causing
reduced fitness in copepod hybrids [71]. There is, therefore, no single func-
tional class of genes causing hybrid incompatibility. However, four of these HI
genes (OdsH, Hmr, Nup96 and Lhr) have diverged rapidly under positive selec-
tion [8, 88, 127, 51]. The biological significance of HI loci being the target of
adaptive evolution is unclear, because if HI evolves as a secondary byproduct
of intraspecific evolution then the phenotype being selected for is unlikely to be
hybrid incompatibility. One possible explanation is that if mutations causing HI
are rare, then HIs will tend to occur in genes undergoing high rates of substi-
tution. Positive selection would be the engine driving a high substitution rate.
Positive selection also implies that the genes may be changing in function in a
way that causes developmental breakdown in hybrids. These findings raise sev-
eral intriguing questions. Is the selection pressure on HI genes limited only to
the hybridizing species, or have HI genes experienced recurrent adaptive evo-
lution in other species? Have HI genes changed in their structural properties
as well as in primary sequence? Does analysis of HI genes resolve otherwise
ambiguous phylogenetic relationships?
Here we address these questions for Hybrid male rescue (Hmr), an HI gene
identified in Drosophila melanogaster. Matings between D. melanogaster mothers
to fathers from its sibling species D. mauritiana, D. simulans and D. sechellia pro-
duce the same HI phenotype: semiviable but sterile daughters and lethal sons
[128, 129].Hmr was identified by a loss-of-function mutation in D. melanogaster
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(Hmr1) that rescues F1 hybrid sons from each of these interspecific crosses [130,
7]. Population genetic analysis revealed that Hmr has diverged under positive
selection in both D. melanogaster and D. simulans [127]. In order to obtain a
more comprehensive view of Hmr evolution in this study we have: 1) analyzed
Myb/SANT-like domain in ADF1 (MADF) domains of Hmr orthologs from 14
species within the Drosophila genus in order to detect possible changes in DNA
or chromatin binding; 2) applied maximum likelihood phylogenetic analysis on
7 species within the melanogaster subgroup and 3) generated and analyzed pop-
ulation sampling data from the three sibling species and from the melanogaster
subgroup species pair D. yakuba and D. santomea.
2.2 Materials and Methods
2.2.1 Identification and alignment of orthologs.
Hmr orthologs in D. simulans, D. mauritiana, D. sechellia and Drosophila erecta
were described previously [7, 127]. Additional Hmr orthologs were identified
here using D. melanogaster HMR in TblastN searches of the trace archives or
of preliminary assembled contigs from the various Drosophila genome projects
[131]. All putative orthologs were reciprocally blasted back to D. melanogaster
and Hmr was identified as the highest scoring hit. We also looked for conser-
vation of synteny using the flanking genes CG2124 and Rab9D (CG32678). Syn-
teny was conserved in D. yakuba, D. pseudoobscura and D. willistoni. Only a Rab
homolog was found adjacent to Drosophila ananassae and Drosophila virilis Hmr.
Neither gene was found adjacent to Hmr in Drosophila mojavensis. Our designa-
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tion of Hmr orthologs matches those of the published genome assemblies [131].
Partial sequence of Drosophila persimilis Hmr was obtained from National Cen-
ter for Biotechnology Information (NCBI) trace archives using discontinuous Mega-
BLAST and then completed by sequencing PCR products from DNA extracted
from a single D. persimilis male from the WSH3 strain that was used for the
whole-genome shotgun sequencing project. Drosophila teissieri Hmrwas sequenced
from template DNA generously provided by Dr. John Pool (Cornell University)
(GenBank accession number FJ151263). The primers used were the most robust
ones from the D. yakuba/D. santomea population study as well as D. teissieri-
specific primers.
The gene structures of Hmr orthologs were predicted by GeneWise software
[132] guided by D. melanogaster Hmr and manually checked for exon-intron con-
servation. We were unable to identify a homologous exon 1 in D. pseudoobscura,
D. ananassae, D. virilis or D. mojavensis. We therefore annotated Hmr in these
species as having the longest conceptual open reading frame initiating in the
large exon that is orthologous to exon 2 of D. melanogaster. Some of our Hmr
annotations differ from Clark et al. (2007), but these differences do not affect the
MADF domains analyzed in Table 2.1.
2.2.2 Population samples.
Hmr was isolated from twelve lines of D. simulans including 5 lines used in a
previous study [127] and an additional 7 lines collected in Zimbabwe, Africa.
Twelve lines ofD.mauritianawere obtained from Dr. Shun-Chern Tsaur (Academia
Sinica, Taipei, Taiwan; “W” lines) or from the Tucson Drosophila Stock Center
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(other lines). Five lines of D. sechellia were obtained from the Tucson Drosophila
Stock Center. Primers for PCR amplification and sequencing are described in
[127]. GenBank accession numbers for these sequences are D. simulans FJ151256
- FJ151262, D. mauritiana FJ151229 - FJ151240 and D. sechellia FJ151252 - FJ151255.
Hmr was also isolated from 11 D. yakuba and 11 D. santomea strains. Flies for
the different strains of D. yakuba and D. santomea were obtained via Dr. David
Begun (Univ. of California, Davis) from collections of Dr. Peter Andolfatto
(Univ. of California, San Diego) and Dr. Manyuan Long (Univ. of Chicago).
D. yakuba lines were collected in Cameroon and are described in [133]; the D.
santomea samples were from several populations. PCR primers were designed
from the genome sequence of D. yakuba, to cover the entire Hmr gene in five
overlapping amplicons of approximately 1.2 kb each. Multiple attempts using
several primer sets to PCR amplify the 3’-most amplicon failed from many of
the samples. This necessitated that we restrict our population genetic analysis
to the Hmr region ending 1067 bp upstream of the stop codon in the reference D.
yakuba Hmr CDS. GenBank accession numbers for these sequences are D. yakuba
FJ151264 - FJ151274 and D. santomea FJ151241 - FJ151251. A low-complexity re-
gion that contained polymorphic indels in both species was excluded from our
analyses, it corresponds to amino-acid positions 802 to 885 and 787 to 855 for D.
yakuba and D. santomea reference sequences, respectively. Due to the difficulty
in sequencing the 3’-most amplicon from single-fly preps, a complete Hmr gene
sequence from D. santomea was generated by synthesizing a composite allele.
The 3’-most block was amplified and sequenced from DNA extracted from 25
D. santomea flies (GenBank accession number FJ151275). This was joined to one
D. santomea Hmr allele chosen at random.
DNA from a single male fly for each strain was used as a template in the
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PCR reactions in order to obtain a single allele of the X-linked Hmr. DNA was
prepared by the method of SDS lysis followed by phenol-chloroform extrac-
tion. The PCR products were purified either with Qiagen PCR cleanup columns
or gel purified using the QIAEX II Gel Extraction Kit from Qiagen. The PCR
products were then sequenced directly using Big Dye version 1.1, 3.1 (Applied
Biosystems) reagents on an ABI capillary sequencer.
Sequences were aligned using MegAlign from the Lasergene v.6 package
(DNASTAR, Inc. Madison, WI) and the alignments corrected by eye.
2.2.3 Analyses of divergence.
ClustalW was used for multiple sequence alignment of Hmr within and between
species [134]. All the coding sequence alignments were obtained by first align-
ing their protein products. Using RepeatMasker [135], two low-complexity re-
gions located in the 2nd and 4th exons were found in melanogaster subgroup
species and were removed from some analyses to ensure accurate alignment.
The total length of removed material ranged from 22 amino acids inD.melanogaster
to 122 amino acids in D. yakuba. Two low-complexity regions were also found in
the first exon of D. persimilis (81 amino acids) and D. pseudoobscura (121 amino
acids). Alignments without these low-complexity regions were used for the con-
struction of the eight-species phylogeny, and the PAML analyses (Figure 2.3).
The complete Hmr sequences from D. melanogaster, D. simulans, D. mauritiana
and D. sechellia were used for McDonald-Kreitman (MK) tests (Table 2.3). For
D. yakuba and D. santomea alignments without the low-complexity regions were
used for MK tests (Table 2.3).
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Neutrality tests were carried out in DnaSP v.4.5 [136]. Tests of whether syn-
onymous sites are evolving toward preferred or unpreferred codons were made
using the method of DuMont et al. (2004)[137] with the “Biased” mutations
options. Significance was tested using Fisher’s Exact Test (two-tailed).
2.2.4 Phylogenetic analysis.
Phylogenetic trees were built by MEGA 3.1 using parsimony and Neighbor-
joining methods [138]. PAML was used for the maximum-likelihood method of
phylogenetic analysis [139]. The lineage-specific models in PAML allow for the
variation of DN/DS ratios among different lineages. The M0 (one-ratio) model
was compared with a two-ratio model as well as a free-ratio model along each
lineage. P values were calculated in R 2.2.0 using the likelihood ratio test of each
comparison [140]. Figures of phylogenetic trees were prepared by retracing the
primary images in Adobe Illustrator.
2.2.5 Structural analyses.
Secondary structure predictions were made using Jpred [141]. The charge and
isoelectric points (pI) were predicted using the Editseq program which is part
of the Lasergene v.6 package (DNASTAR, Inc.).
44
2.3 Results
2.3.1 Domains and structure of Hmr.
Hmr from D. melanogaster encodes a predicted protein of 1,413 amino acids, in
which two MADF domains were identified previously [7]. The MADF domain
(MYB-related ADF domain) was discovered in the Drosophila protein ADF1
based on its sequence similarity to the DNA binding domain of MYB, and is re-
quired for the DNA-binding activity of ADF1 [142, 143]. The predicted MADF
secondary structure is also similar to the SANT domain, which is found in a
large number of DNA and chromatin-associated proteins [144]. We identified
orthologs of Hmr from 14 Drosophila species using previously published work
[127], our sequencing here, and preliminary assemblies of whole-genome shot-
gun data [131]. While examining these Hmr orthologs we identified two ad-
ditional candidate MADF domains (Figure 2.1A). These four HMR MADF do-
mains are generally highly conserved among all Drosophila species.
A close comparison of the D. melanogaster HMR MADF domains to each
other and to the ADF1 MADF domain reveals that the third and fourth puta-
tive MADF domains contain insertions and differ at certain conserved residues,
which raises the question of whether these four domains have the same func-
tion. Interestingly, we find considerable variation in the predicted charge and
isoelectric point of each domain (Figure 2.1B). MADF1 is highly positively charged
and thus most closely resembles DNA-binding domains found in MYB or ADF1,
while MADF3 is negatively charged and thus is more similar to a chromatin-
binding domain such as the SANT domain from ISWI. MADF2 and MADF4
have a significantly lower charge compared to the canonical ADF1 MADF do-
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Figure 2.1: Domain structure and MADF domains of Hmr. A) The positions
of four MADF domains and the putative BESS domain [51] encoded by D.
melanogaster Hmr are shown. B) Alignment and comparison of MADF, MYB
and SANT domains. The four MADF domains from D. melanogaster HMR and
the MADF domain from D. melanogaster (Dm) ADF1 were aligned with the sec-
ond and third MYB domains from M. musculus (Mm) c-MYB, and the SANT
domain from D. melanogaster ISWI. This alignment was manually adjusted to
the published alignment of MYB and SANT domains [145, 146]. Asterisks un-
derneath the alignment indicate the conserved tryptophan residues, and the
shaded boxes indicate predicted α-helical regions. The ionic properties of each
domain are indicated within parentheses after the domain name as (charge, iso-
electric point), respectively. HMR MADF1 and ADF1 MADF have ionic prop-
erties similar to the DNA-binding MYB domain, while HMR MADF3 is distinct
in being more similar to the chromatin-associated SANT domain. For compari-
son, DIP3, another MADF-domain-containing transcription factor that has been
experimentally shown to bind DNA [145], has a MADF domain with a charge
of +8.25 and an isoelectric point of 10.52, which is again similar to the MYB do-
main. The NCBI Entrez GeneIDs are: Mm c-Myb, 17863; Dm Iswi, 36390; Dm
Adf1, 47082; Dm Dip3, 53579.
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main, although their pI values are still consistent with a putative DNA binding
function. These results imply that each of the four HMR MADF domains may
have unique functions with respect to DNA or histone association. These differ-
ences also suggest that HMR may bind to both DNA and the protein component
of chromatin.
To determine if these unusual MADF domains are unique to D. melanogaster
HMR, we analyzed the MADF domains encoded by Hmr orthologs from 13
other species in the Drosophila genus (Table 2.1). A clear trend was observed,
with the first domain within each species’ HMR resembling a canonical MADF
domain consistent with DNA-binding function. The remaining three MADF do-
mains, however, have variable ionic properties. Hmr orthologs from taxa within
the melanogaster group are in general similar to the D. melanogaster ortholog,
with only the third MADF domain having a net negative charge, suggestive
of chromatin binding. One exception is the fourth predicted MADF domain
from D. erecta that also has a net negative charge. Hmr orthologs from other
Sophophora species (D. pseudoobscura, D. persimilis and D. willistoni) do not en-
code a negatively charged third MADF domain. The most divergent ortholog is
from D. mojavensis with three MADF domains having a net negative charge.
We conducted a similar analysis of MADF domains identified by the SMART
database for other D. melanogaster genes, in order to determine how common
are MADF domains with a predicted net negative charge. We only found two
other genes which encode MADF domains with isoelectric points below seven:
CG31627 (pI = 6.75) and CG1603 (two MADF domains with pIs = 6.75 and
9.3). We conclude that most MADF domains are likely to be involved in DNA
binding, while Hmr encodes unusual MADF domains with potential chromatin
47
Table 2.1: Predicted charge and isoelectric points (pI) of MADF domains
within Hmr orthologs from 14 Drosophila species.
MADF1 MADF2 MADF3 MADF4
Charge pI Charge pI Charge pI Charge pI
D. melanogaster 16.52 11.18 2.66 8.33 -2.47 5.95 1.06 8.16
D. simulans 11.85 10.55 2.52 8.51 -0.61 6.6 2.59 9.21
D. mauritiana 12.02 10.32 2.72 8.78 -0.61 6.6 2.56 8.82
D. sechellia 11.18 10.37 2.69 8.51 -0.61 6.6 2.56 8.83
D. yakuba 13.19 11.55 3.55 9.24 -2.5 5.95 1.76 8.52
D. santomea 13.19 11.64 3.55 9.24 -1.51 6.32 1.76 8.52
D. teissieri 12.02 11.54 4.89 9.74 -3.34 5.85 2.39 9.16
D. erecta 12.36 10.35 4.52 9.39 -2.44 5.96 -0.57 6.62
D. ananassae 9.86 10.31 2.55 8.72 -2.67 5.58 0.76 7.54
D. pseudoobscura 12.36 10.35 2.25 9.13 1.72 8.19 2.39 8.8
D. persimilis 9.36 10.03 1.42 8.48 1.55 8.17 0.43 7.42
D. willistoni 8.88 10.31 2.25 9.1 2.12 8.17 1.43 8.48
D. mojavensis 16.69 11.41 -1.24 6.49 -0.17 6.5 -0.4 6.77
D. virilis 16.52 11.56 4.74 9.62 -1.87 5.69 3.09 9.18
MADF domains with predicted negative charges and acidic isoelectric points are in bold.
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binding properties.
Nearly all Hmr orthologs also encode simple amino-acid repeats, consisting
predominantly of serine, alanine and proline. Such simple-sequence repeats are
over represented among transcription factors [147, 148]. Sequencing of multiple
Hmr alleles from the D. yakuba and D. santomea species pair (see below) revealed
a unique microsatellite-like polymorphism within the coding region. The kernel
of this repeat is present within the melanogaster subgroup, but the expansion is
restricted to the lineage leading to D. yakuba, D. santomea and D. teissieri. The
expansion has resulted in a tandem repeat consisting of nearly perfect alternat-
ing “SAT” and “QAA” residues, ranging from 63 amino acids to 87 amino acids
in length.
2.3.2 Hmr phylogenetic pattern in melanogaster subgroup.
Outside of the melanogaster subgroup the predicted HMR protein is highly di-
verged and thus impossible to align fully. Therefore we aligned Hmr only from
8 species within the melanogaster subgroup. Phylogenetic trees were built using
both the Neighbor-joining and maximum-parsimony methods. These methods
produced similar results, except for the grouping of the D. melanogaster sibling
species D. simulans, D. mauritiana and D. sechellia. We therefore obtained a pop-
ulation data set from these 3 species to further explore their phylogenetic rela-
tionship (Table 2.2).
Phylogenetic reconstruction of the population data set using maximum par-
simony provided support for D. sechellia branching off prior to the split of D.
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D. melanogaster
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Figure 2.2: A maximum-parsimony phylogenetic tree constructed using Hmr
population samples from the three D. melanogaster sibling species. Bootstrap
values of major branches are shown in the rectangles (100 replicates). The
lengths of major branches, which are proportional to the number of nucleotide
changes for the gene, are indicated along the branches. Hmr has clearly diverged
and shares no common alleles among the three sibling species.
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simulans and D. mauritiana, albeit with relatively low bootstrap support (Figure
2.2). We therefore further analyzed all the sites that have an unambiguous phy-
logenetic signal. The definition of unambiguous sites follows Ting et al. (2000)
[149]: a site is defined as unambiguous only when two of the three species share
a derived nucleotide with none of their alleles having the ancestral nucleotide,
while the third species has the ancestral nucleotide with no alleles having the
derived one. We found a total of 10 unambiguous sites for Hmr. Among them, 6
sites support the grouping of D. simulans and D. mauritiana, 3 sites support the
grouping of D. simulans and D. sechellia, and only one site supports the group-
ing of D. mauritiana and D. sechellia. This result is consistent with both of our
maximum-parsimony phylogenetic trees (Figure 2.2).
2.3.3 Tests for selection: Phylogenetic analysis among multiple
Drosophila species.
Using a single outgroup sequence Hmr was previously inferred to have an in-
creased ratio of non-synonymous to synonymous substitutions (DN/DS ratio)
along the branches leading to D. melanogaster and its sibling species [127]. In or-
der to obtain a more comprehensive view of Hmr evolution in the melanogaster
subgroup we applied a maximum likelihood analysis on 7 species (Figure 2.3).
Because we obtained conflicting phylogenies forD. simulans and its sister species
D. mauritiana and D. sechellia from two different phylogenetic methods, we ex-
cluded D. sechellia in this PAML analysis to avoid possible artifacts caused by
using the incorrect evolutionary history. Using a free-ratio model we confirmed
that the estimatedDN/DS ratios forHmr have generally increased along branches
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leading to D. melanogaster and its sibling species, relative to other lineages in the
subgroup. We found DN/DS ratios of approximately one or higher along the lin-
eages leading to D. melanogaster, D. simulans and D. mauritiana. These values are
similar but not identical to those of Barbash et al. (2004), due to the inclusion of
different species sequences in the two studies. Note also that the values for DN
and DS for D. mauritiana were erroneously switched in Figure 3 of Barbash et al.
(2004).
DN/DS ratios were also relatively high for other lineages of the subgroup,
with the striking exception of the D. yakuba and D. santomea lineages after the
split from their common ancestor, where DN/DS was approximately 0.2.
2.3.4 Tests for selection: Evidence for positive selection in D.
simulans and D. mauritiana.
We analyzed population genetic datasets from different species pairs and groups
in order to further explore the very different estimations of divergence in Figure
2.3. We first examined the sibling species of D. melanogaster (Table 2.2). Poly-
morphism values, including the much lower level for D. sechellia, were generally
consistent with observations from other genes [150].
The MK test [151] was carried out for D. simulans and D. mauritiana and re-
jects the null hypothesis of neutral evolution with a highly significant P-value
(Table 2.3). This comparison shows a particularly high amount of nonsynony-
mous substitutions relative to synonymous substitutions. We then polarized
substitutions using D. melanogaster as an outgroup and rejected neutrality along
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Figure 2.3: A maximum-likelihood phylogenetic tree of Hmr built by the free-
ratio model in PAML. The likelihood of this model was significantly better than
the one-ratio model (2∆1= 54.224, df=11, p¡10-7). The tree length is defined as
the number of nucleotide substitutions per codon. The number shown above
each lineage is the estimated DN/DS value of that lineage.
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Table 2.2: Summary of Hmr polymorphism data.
D. simulans D. mauritiana D. sechellia D. yakuba D. santomea
No. of alleles
analyzed
13 12 5 11 11
Nucleotide
diversity (Pi)
0.00878 0.00606 0.00117 0.00815 0.0028
Total variable
sites
133 108 12 126 38
Variable sites
within coding
sequence
110 90 10 104 30
Total number of
singletons
35 55 7 82 21
Number of
synonymous
singletons
15 30 2 45 10
Number of
nonsynonymous
singletons
15 17 3 20 6
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both the D. simulans and D. mauritiana lineages. The significance of these tests
are most likely caused by an excess of nonsynonymous substitutions. We tested
an alternative hypothesis that departures from neutrality may be due to selec-
tion on synonymous sites for preferred codons [137]. Tests were not significant
for either D. mauritiana (p=0.339) or D. simulans (p=0.115) using D. melanogaster
as an outgroup.
Pairwise comparisons of both D. simulans and D. mauritiana with D. sechellia
also reject neutral evolution (Table 2.3). These tests are not independent from the
above D. simulans-D. mauritiana comparisons, but rather reinforce the inference
of positive selection on those two lineages. There is little power to test for non-
neutral evolution along the D. sechellia lineage due to the very low amount of
polymorphism in this species (Table 2.2), and not surprisingly, MK tests did not
reject the null hypothesis for the D. sechellia lineage (data not shown).
In combination with the DN/DS estimates in figure 2.3 we conclude that Hmr
has continued to diverge under positive selection along both the D. mauritiana
and D. simulans lineages after the divergence of their common ancestor from D.
melanogaster.
2.3.5 Tests for selection: Evidence for positive selection in the
D. santomea lineage.
The MK test for D. yakuba and D. santomea also rejected the null hypothesis of
neutral evolution. Like in the aforementioned tests with D. simulans and D.
mauritiana there is a higher relative ratio of nonsynonymous to synonymous
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Table 2.3: McDonald-Kreitman tests of neutrality.
Divergence Polymorphism
Pairwise
Comp.
Species pair or
lineage
Syn Nonsyn Syn Nonsyn Fisher’s
exact test P
1 D. simulans vs
D. mauritiana
3 28 90 105 6.138E-05***
D. simulans
lineage
2 16 48 61 8.537E-03**
D. mauritiana
lineage
1 8 45 44 0.03366*
2 D. simulans vs
D. sechellia
16 43 53 68 0.03450*
3 D. mauritiana
vs. D. sechellia
16 42 49 49 0.007209**
4 D. yakuba vs. D.
santomea
22 22 92 41 0.02889*
D. yakuba
lineage
10 7 72 32 0.4113
D. santomea
lineage
10 13 21 8 0.04823*
5 D. yakuba vs. D.
teissieri
93 145 72 32 3.301E-07***
D. yakuba
lineage
40 70 71 32 2.597E-06***
6 D. santomea vs.
D. teissieri
93 146 21 8 1.113E-03**
D. santomea
lineage
43 73 22 8 4.382E-04***
Six pairwise comparison were tested, using total polymorphism in comparisons 1-
4. Within some pairwise comparisons both lineages (comparisons 1 and 4) or one
lineage (comparisons 5 and 6) were then tested by polarizing each lineage using an
outgroup sequence. For D. simulans and D. mauritiana (comparison 1), D. melanogaster
Hmr was used as the outgroup sequence; for D. yakuba and D. santomea (comparison
4), D. teissieri Hmr was used as the outgroup sequence; for comparisons 5 and 6, D.
erecta Hmr was used as the outgroup sequence. Syn = Synonymous sites ; Nonsyn =
Nonsynonymous sites
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variation between species relative to within species. Polarization of these data
relative to D. teissieri revealed non-neutral evolution exclusively on the lineage
leading to D. santomea. Analysis of the synonymous substitutions suggested
that there is not an excess of substitutions leading to preferred codons for either
species, using D. teissieri as an outgroup [p=0.286 for D. yakuba; p=1.000 for D.
santomea].
2.3.6 Tests for selection: Evidence for positive selection in the
lineage leading to D. yakuba and D. santomea.
While estimated DN/DS ratios were low along the branches leading to both D.
yakuba and D. santomea, DN/DS had a high value of 0.6585 in the lineage lead-
ing to their common ancestor (Figure 2.3). We therefore extended our MK test
analyses to a pairwise comparison of each species with D. teissieri. In both cases
we rejected neutral evolution. These results were not due to selection on syn-
onymous sites for preferred substitutions (p = 0.845 for D. yakuba using D. erecta
as the outgroup; p = 0.839 for D. santomea using D. erecta as the outgroup; simi-
lar results were obtained when using D. melanogaster as the outgroup [data not
shown]). We also polarized these MK test results, and again rejected neutral
evolution for both the D. yakuba and D. santomea lineages. These tests of the D.
yakuba and D. santomea lineages are clearly not independent, as the majority of
the substitutions occurred before the speciation of D. yakuba and D. santomea.
However, our results do strongly suggest that Hmr diverged under positive se-
lection in the common ancestor of these two species.
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2.3.7 Hmr in other species.
In order to obtain a view of Hmr evolution outside of the melanogaster sub-
group we assembled and analyzed Hmr orthologs from the species pair D. per-
similis and D. pseudoobscura. We estimated DN/DS between these species to be
1.174. This high value is suggestive of possible adaptive evolution between
these species but will require further analysis, in part because of the low level
of divergence between these species (DS=0.0345).
2.4 Discussion.
2.4.1 Recurrent positive selection of Hmr.
Hmr causes lethality in hybrid progeny of D. melanogaster females mated to
males of its sibling species. This lethality reflects a divergence in function of
Hmr between these species because lethality is only caused by Hmr+ from D.
melanogaster and not by Hmr+ from D. simulans or D. mauritiana [127]. These ge-
netic observations might suggest that D. melanogaster Hmr+ has diverged from
its ancestral state but sibling-species Hmr+ has not. In contrast to this simple
evolutionary scenario, Hmr has diverged extensively along both theD.melanogaster
and D. simulans lineages, and has done so in a manner consistent with positive
selection rather than neutral evolution [127].
Here we have found that Hmr has continued to diverge under positive se-
lection between the sibling species D. simulans and D. mauritiana. Both lineages
have high DN/DS values (Figure 2.3), and polymorphism samples show an ab-
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sence of allele sharing (Figure 2.2) and a rejection of neutral evolution by MK
tests (Table 2.3). Our data also demonstrate positive selection along the lin-
eage leading to the common ancestor of D. yakuba and D. santomea. This branch
has a high DN/DS value (Figure 2.3), and pairwise tests of both species with D.
teissieri clearly reject neutral evolution (Table 2.3). We suggest that these cases
demonstrate that Hmr has experienced independent episodes of recurrent adap-
tive evolution in the melanogaster subgroup along at least three evolutionary
branches: between D. simulans and D. mauritiana, between D. melanogaster and
the common ancestor of its sibling species (the ancestor of the simulans clade),
and between D. teissieri and the common ancestor of D. yakuba and D. santomea.
Our analysis of the subsequent divergence of D. yakuba and D. santomea also
suggests that nonneutral evolution continued in the D. santomea lineage. DN/DS
values are low on both branches, but the MK test between these species re-
jects neutral evolution and polarization confines this signal to the D. santomea
branch (Table 2.3). Might Hmr cause hybrid incompatibility between any of
these species pairs? Introgression studies in D. mauritiana/D. simulans hybrids
[28] and QTL analysis in D. yakuba/D. santomea hybrids [37] have found evi-
dence for genes contributing to male sterility in or near the respective regions
corresponding to D. melanogaster cytological region 9D, where Hmr is located.
Whether Hmr contributes to these phenotypes remains speculative, since the
mapping resolution was relatively low, and these and other studies [26] suggest
that there is a high density of X-linked hybrid male sterility factors in Drosophila.
Our results raise the question of how common is recurrent adaptive evolu-
tion, for orthologs of other HI genes, and more generally for other classes of
genes. The gene Odysseus (OdsH) causes male sterility in D. simulans/D. mau-
ritiana hybrids and has a large excess of nonsynonymous substitutions com-
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pared to synonymous substitutions, strongly suggesting that it diverged be-
tween these species under positive selection [8]. In contrast, OdsH orthologs
from species of the Drosophila montium subgroup have low DN/DS values, sug-
gesting that it is evolving under purifying selection in these species [152]. A
similar pattern was seen for the Drosophila innate immunity gene Relish, which
shows evidence for adaptive evolution in D. simulans but not in several other
Drosophila species pairs, based on population genetic sampling [153, 154]. In
contrast, population genetic analyses indicate that the spermatogenesis gene
roughex has undergone at least two independent rounds of recurrent adaptive
evolution, between D. melanogaster and D. simulans, and between D. yakuba and
D. santomea [155].
2.4.2 Phylogeny of the simulans species complex and positive
selection.
The phylogeny of the simulans complex is not well-resolved, because for many
genes multiple alleles from different species often group with each other instead
of resolving only within their species (Kliman et al. 2000). In contrast, phylo-
genetic analysis of our Hmr population data set fully resolves D. simulans, D.
mauritiana and D. sechellia (Figure 2.2). Strongly supported phylogenies were
previously obtained for OdsH [149] and the retroviral envelope-derived gene
Iris [156]. However the results differed, with OdsH supporting the same pat-
tern as Hmr with D. sechellia branching off first, whereas Iris supports a different
phylogeny where D. mauritiana branches off first.
Two explanations may help explain these discrepancies. The first is the hy-
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pothesis that reproductive isolation does not occur as a single event but rather
that different regions of the genome will become isolated at different times dur-
ing nascent speciation [157]. In this view, the genomes of well-defined species
will be a mosaic of regions that have different histories of isolation. While
both Hmr and OdsH are X-linked, they are not particularly close to each other
(cytological regions 9D and 16D, respectively). Considering that a region less
than 2 kilobases away from OdsH showed a distinct phylogenetic pattern [149],
Hmr and OdsH cannot share the same phylogenetic pattern due to linkage.
There are also no known large inversions between the simulans complex species.
Therefore under the mosaic genome hypothesis this similarity between Hmr and
OdsH in their phylogenetic pattern would likely be coincidental.
A second possible explanation for the phylogenetic discrepancies is that these
genes may have experienced selection in different subsets of the three simulans
complex species [156]. It is difficult to directly test this possibility for OdsH, Hmr
and Iris because of the use of different methods to detect selection and different
data sets. OdsH shows strong evidence for positive selection between D. simu-
lans and D. mauritiana based on a high DN/DS ratio within its homeodomain but
the D. sechellia lineage has not been examined. Iris shows evidence of positive
selection between D. melanogaster and the common ancestor of the simulans com-
plex, and codon-based models rejected neutral evolution among 12 Drosophila
species, but selection specifically between simulans complex species has not been
detected.
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2.4.3 Assessment of MADF domain functional properties.
The DNA-binding function of the MYB domain has been biochemically well-
established in a diverse set of transcription factors from a wide variety of eu-
karyotes [158, 159]. The SANT domain was discovered as a conserved region,
closely related to the MYB domain, in the chromatin remodelers and/or tran-
scriptional co-factors SWI3, ADA2, N-CoR and TFIIIB [144]. Where the MYB
domain presents a basic surface that contacts the negatively charged DNA phos-
phate backbone, the SANT domain presents a distinctly acidic surface that is
much more likely to contact positively charged histone tails. This difference is
also evident in the general ionic properties of each domain, such as c-MYB R2
(+6.38, pI 10.01) compared to ISWI SANT (-4.41, pI 4.49) [160] (Figure 2.1B).
MADF domains from two Drosophila proteins, ADF1 and DIP3, have been
shown to bind directly to DNA [143, 145], and both are positively charged (Fig-
ure 2.1B). MADF domains from most other Drosophila proteins are also posi-
tively charged, as are 3 out of 4 of the predicted MADF domains from HMR in
most species (Table 2.1). HMR MADF3, however, is negatively charged in many
species, including D. melanogaster, suggesting that HMR may have both DNA
and chromatin binding properties.
2.4.4 Molecular signatures of an HI gene.
Analyses of a handful of experimental model organisms have led to the identifi-
cation of many conserved genes that have critical structural and regulatory roles
in species throughout the eukaryotic kingdom. Will the identification of speci-
ation genes in model organisms such as Drosophila be similarly generalizable?
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This remains an open question because our understanding of the speciation pro-
cess is extensive but the collection of known speciation genes is sparse.
Most HI genes identified to date show evidence of positive selection [8, 88,
127, 51]. These observations therefore suggest that candidate HI genes may
be identifiable from whole-genome comparisons by the criteria of high DN/DS
ratios and non-neutral evolution.
The high evolutionary rate of Hmr may also have led to it having unique
functional properties. Three out of the four MADF domains of D. melanogaster
Hmr have a range of ionic properties different from the canonical MADF do-
main, and one MADF domain even has ionic properties inconsistent with DNA
binding. This apparent functional plasticity is not restricted to D. melanogaster as
Hmr orthologs from different species have evolved MADF domains with unique
ionic properties (Table 2.1). Most striking is D. mojavensis Hmr in which three out
of the four MADF domains have a net negative charge, making them more simi-
lar to the chromatin-binding SANT domain than to the canonical DNA-binding
MADF domain.
Additionally, Hmr from D. yakuba and D. santomea encodes a microsatellite-
like tandem repeat within its coding region that has undergone variable length
expansion. Although many molecular evolutionary analyses by necessity ig-
nore variable-length repeats because they introduce gaps into multi-alignments,
they may be of functional importance. Studies have linked length variation
of simple amino-acid repeats to evolutionary agility, meaning the capacity to
generate a phenotypic range. One example found a correlation between mor-
phological changes among dog breeds and repeat-length variation in two de-
velopmental regulatory genes, Alx-4 and Runx-2 [161]. Another example is the
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well-studied clock gene period (per), which has a minisatellite-like coding repeat
of alternating threonines (Thr) and glycines (Gly), the length of which shows
a significant north-south cline across Europe that appears to have been main-
tained by natural selection [162, 163]. These examples justify further investiga-
tion of whether repeat-length variation in Hmr also contributes to its functional
divergence.
The most striking observation from our analysis is that Hmr has undergone
recurrent positive selection in multiple Drosophila lineages. We have also found
that sequence evolution in Hmr has resulted in large variation in repeat-tract
lengths among orthologs and has significantly altered the ionic properties of
its MADF domains. Similar investigations of other HI genes will be necessary
to address whether features such as recurrent selection and protein sequence
plasticity are peculiar to Hmr or instead reflect general features of genes that
cause reproductive isolation.
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CHAPTER 3
ASYMMETRIC HYBRID LETHAL EFFECTS OF THE D-M GENE LHR ARE
THE RESULT OF CIS-BY-TRANS REGULATORY DIVERGENCE OF A
CONSERVED INTERACTION.
3.1 Introduction
New species are isolated from one another by a variety of reproductive barri-
ers. One widely observed barrier is Hybrid Incompatibility (HI), the inviability
and/or sterility of interspecies offspring. The key premise of the Dobzhansky-
Muller (D-M) model explaining the evolution of HI is that genetic changes fixed
in one population need not be compatible with changes fixed in a different pop-
ulation [73, 74]. In the simplest case, two independently evolving lineages di-
verge from the ancestral state aabb, and fix new alleles arriving at the states AAbb
and aaBB, respectively. Hybridization between the two generates a genotype
unscreened by natural selection, AaBb, and incompatible interaction between
the derived alleles A and B may cause developmental breakdown. Questions
fundamental to understanding speciation then are: What molecular divergence
between the ancestral and derived alleles is causing HI? Is this divergence at
the level of regulatory or structural changes? What are the evolutionary forces
causing this divergence?
Hybrids are the sum of two independently evolving genomes and thus suf-
fer from multiple suboptimal interactions. For example, species-specific diver-
gence at cis and trans-regulatory elements is associated with widespread tran-
scriptional dysregulation in hybrids [60, 62]. However, despite this background
of complex changes, singe loci that have a major effect on the HI phenotype
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have been identified and several permutations of the D-M model have been
revealed. These range from bi-allelic single locus incompatibilities to complex
multi-locus incompatibilities [76, 83, 84]. Furthermore D-M interactions are not
limited to derived alleles, as ancestral-derived incompatibilities have also been
identified [78]. D-M loci also belong to diverse functional classes, ranging from
mitochondrial splicing factors in yeast, cell wall protease in rice to nucleopore
subunits in Drosophila [78, 76, 88, 89]. However, one unifying emerging trend
is that divergence at the HI locus is frequently driven by natural selection [164].
This is exciting, because if molecular divergence created by selection is causing
HI, then the phenotypic target of selection is, at least in part, the evolutionary
basis of speciation. A major goal then is to understand the role of selection in
the evolution of incompatible divergence.
Locating the phenotypic target of selection is complicated because HI genes
are frequently pleiotropic, such as the Nups [107], or novel genes with unknown
functions, such as Hmr [7, 5]. Moreover, molecular signatures of selection do
not necessarily imply advantageous ecological adaptations; they could instead
be the legacy of genetic conflicts such as between host and pathogen or the in-
vasion of selfish genetic elements (reviewed in [165]). Strikingly, mechanistic
studies on several recently characterized HI genes implicate heterochromatin-
associated functional divergence as the cause of incompatibility. OdsH is a
fast-evolving homeodomain protein that mislocalizes to the heterochromatic Y-
chromosome in hybrids [85]; Zhr is a species-specific repetitive sequence, and
hybrid lethality is caused by improper segregation of this heterochromatic satel-
lite [111]. Although, it is unclear why mislocalization of OdsH causes sterility
and why theZhr satellite is unstable, these observations have raised the possibil-
ity that their evolutionary origin lies in genetic conflict with selfish heterochro-
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matic elements. The hybrid lethality gene Lethal hybrid rescue (Lhr) is another
example of a rapidly diverging heterochromatin-associated HI gene [51]. It is
an ideal candidate for testing the generality of the conflict-driven HI hypothe-
sis.
Crosses between D. melanogaster females and sibling-species males result in
lethal hybrid sons and sterile hybrid daughters. The incompatible D-M interac-
tion in hybrid males can in part be explained by epistatic interaction between
two genes, Hybrid male rescue (Hmr) on the D. melanogaster X-chromosome and
Lhr on the D. simulans 2nd chromosome [50, 51]. A loss of function mutation
in either Hmr or Lhr alone is sufficient to suppress the lethality of hybrid sons
[130, 166]. Thus it is the wild type activity of these genes that causes hybrid
breakdown. Consistent with the expectation of functional divergence, the res-
cue of hybrid lethality via Lhr is asymmetric; removal of simulans Lhr rescues
lethal hybrid sons but removal of melanogaster Lhr does not [51]. Moreover,
the Lhr protein coding sequence (CDS) has diverged extensively under selec-
tion. Therefore it was surprising when a recent study comparing Lhr orthologs
failed to detect any differences in their hybrid lethal activity or heterochromatin-
association [86]. One explanation for these unexpected results is that an artificial
over-expression system was used for genetic assays. Based on studies of Hmr
[50] and also on results presented here, hybrid lethality appears to be highly
sensitive to gene dosage effects, suggesting the possibility that overexpression
might mask the evidence for functional divergence. Secondly, LHR localization
was assayed using polytene chromosomes, which have relatively limited reso-
lution for heterochromatin.
In order to uncover the functional divergence underlying asymmetric rescue
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properties of Lhr orthologs, I used a native-promoter driven transgenic system
that allows a sensitive comparison of the functions and localization properties
of D. simulans and D. melanogaster Lhr orthologs. Here I assay and compare Lhr
function in both pure species and hybrids using three sets of experiments: (1)
genetic tests for hybrid lethal activity and interaction with its D-M partner, Hmr;
(2) detailed cytological mapping of the heterochromatic localization of LHR and
(3) expression analysis comparing transcriptional levels of the Lhr orthologs.
3.2 Materials and Methods
3.2.1 Drosophila stocks
All crosses were done at room temperature or at 18◦C where explicitly stated. At
least 2 replicates were done for each cross. Each interspecific cross was initiated
with ≈15-20 1 day old D. melanogaster virgin females and ≈30-40 3-4 day old
sibling species males. The nomenclature used for the transgenic lines and a
complete description of the constructs used to generate them are included in
Table 3.1.
3.2.2 DNA Constructs
To make a modified pCasper4 containing the attB site, I PCR amplified a 280bp
fragment using the pTA plasmid (gift from Michele Calos) as the template. This
PCR product, along with flanking SalI sites was cloned into the compatible XhoI
site of pCasper4 to create the plasmid pCasper4\attB. I chose to construct Lhr
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Table 3.1: Transgene nomenclature
Full name of construct Transgene short-hand
1 P{w+mC Bap55t4.8 Lhrt4.8 = mel-Lhr} Φ{mel-Lhr}
2 P{w+mC Dsim\Bap55t4.8 Dsim\Lhrt4.8 = sim-Lhr} Φ{sim-Lhr}
3 P{w+mC Bap55t4.8 Lhr::HAt4.8 = mel-Lhr-HA} Φ{mel-Lhr-HA}
4 P{w+mC Bap55t4.8 Lhr::YFPt4.8 = mel-Lhr-YFP} Φ{mel-Lhr-YFP}
5 P{w+mC Dsim\Bap55t4.8 Dsim\Lhr::HAt4.8 = sim-Lhr-HA} Φ{sim-Lhr-HA}
6 P{w+mC Bap55− Lhr::HAt4.8 = ∆Bap55 mel-Lhr-HA} Φ{∆Bap55 mel-Lhr-HA}
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Table 3.2: Primers used in the materials and methods
Capitalized
No. Sequence region
691 tactatAAGCTTtggttgttccacacgactttatcg HindIII
664 tcgcatAAGCTTctggcaggtggtaaccgatacgg HindIII
597 gggtttGCGGCCGCttccacacgactttatcgacagga NotI
598 gggtttGGATCCcggctcctcaaacattcctttatg BamHI
728 TGCATAGTCCGGGACGTCATAGGGATA
GCCCGCATAGTCAGGAACATCGTATGG
GTACATtgttctcagcgtaggccg
3xHA tag
729 CCCTATGACGTCCCGGACTATGCAGGA
TCCTATCCATATGACGTTCCAGATTACG
CTtgactttctttcgtataaaatgc
3xHA tag
730 tgttctcagcgtaggccgccttgagc
731 TCAAGGCGGCCTACGCTGAGAACAaagg YFP tag
732 atgtgcattttatacgaaagaaagTCACGTGGACCG
GTGCTTGTACAGC
YFP tag
733 TACAAGCACCGGTCCACGTGActttctttcgta
taaaatgcacataag
YFP tag
1171 gcaccatgTAATGACctatatggcggcgacgagat Stop codons
1172 ccatatagGTCATTAcatggtgccgccactcat Stop codons
1086 gtcgcccacatgacacaag
1087 ctctttgcaaggcattacatctg
949 gtcgacgatgtaggtcacggtc
1177 gcagccgaacgaaattaaaa
1147 gcatttagaagtggaggtcctcg
1148 gctctttcacccgtatcgctttaag
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transgenes with Lhr under the control of its native regulatory sequences. I used
a 4.8kb genomic fragment that spans 2.7kb upstream and 1kb downstream of
the Lhr CDS. This fragment includes the complete CDS of the adjacent gene
Bap55 (Figure 3.1).
To generate the p{sim-Lhr} construct I amplified a 4.8kb fragment from D.
simulans w501 genomic DNA, using primer pairs 691/ 664. This PCR product
was gel purified and cloned into the pCR-BluntII TOPO vector (Invitrogen),
according to manufacturer’s directions. The insert was sequenced completely
and subcloned into the MCS of pCasper4\attB using NotI and KpnI restriction
enzymes.
The p{mel-Lhr} construct was generated similarly, a 4.8kb fragment was
PCR amplified from wild type D. melanogaster (strain Canton-S) genomic DNA
using primer pairs 597/ 598, and TOPO cloned into pCR-BluntII vector. The
forward primer contains a NotI site, allowing the insert to be released as a NotI
fragment and cloned into the NotI site of pCasper4\attB. A clone was chosen
with orientation identical to that in p{sim-Lhr}.
To construct p{sim-Lhr-HA} a triple-HA tag was added in-frame to the C-
terminus of Lhr CDS using a two-piece fusion PCR strategy. The two over-
lapping PCR products were amplified using p{sim-Lhr} as the template, with
primer pairs 691/728, and 729/664. These fragments were used as templates for
the fusion PCR, and the gel-purified product was TOPO cloned into the pCR-
BluntII vector and sequenced completely. The insert was then subcloned into
pCasper4\attB exactly as in p{sim-Lhr}. The construction of p{mel-Lhr-HA}
followed the same logic, using the primer pairs 597/728 and 729/598.
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Lhr::YFPBap55
mel-Lhr-YFP
Lhr::3xHASTOP
∆Bap55 mel-Lhr-HA
Lhr::3xHABap55
mel-Lhr-HA
Lhr::3xHABap55
sim-Lhr-HA
LhrBap55
mel-Lhr
LhrBap55
sim-Lhr
0 +2.1 kb-2.7 kb
Figure 3.1: A schematic of the Lhr constructs. All constructs contain the full
Lhr and Bap55 coding sequences and UTRs. The “stop” in ∆Bap55 mel-Lhr-HA
represents the insertion of “TAA TGA C”, i.e. two stop codons and a frame
shift mutation. The mel-Lhr construct is drawn to proportion, the HA and YFP
epitope tags in other constructs are not drawn to proportion.
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To synthesize the p{mel-Lhr-YFP} construct a three-piece fusion PCR strat-
egy was used, the first and last PCR products, containing upstream and down-
stream genomic regions respectively, were amplified using p{mel-Lhr} as the
template, with primer pairs 597/730 and 733/598. The central PCR product con-
taining the YFP-tag was amplified from p{w+mC UASLhr::Venus=UAS-Lhr::YFP}
[51], with primer pair 731/732. The 3 overlapping PCR products were used as
templates for the fusion PCR, and cloned into the pCR-BluntII vector and se-
quenced completely. The insert was subcloned into pCasper4\attB exactly as in
p{mel-Lhr}.
The p{∆Bap55 mel-Lhr-HA} construct is identical to p{mel-Lhr-HA} except
that the Bap55 CDS is interrupted by the insertion of “TAA TGA C”, i.e. two stop
codons and a frame shift mutation after the second methionine at position 6.
Two overlapping PCR products were amplified using p{mel-Lhr-HA} as tem-
plate, with primer pairs 597/1171 and 1172/598. The products were stitched
together using fusion PCR and cloned into pCasper4\attB exactly as done in
p{mel-Lhr}.
3.2.3 Transgenic fly lines
φC31-mediated transformants of D. melanogaster were performed by Genetic
Services. The integrations sites used were: i) P{CaryP}attP2 [167] and ii) M{3xP3-
RFP.attP}ZH-86Fb [168] at cytological positions 68A4 and 86Fb, respectively.
Site-specificity of intergration was tested using the PCR assays of Venken et.
al. (2006) [169]. I also developed attP docking-site specific PCR assays, primer
pairs 1086/1087 for attP2, and 949/ 1177 for ZH-86Fb. All D. melanogaster trans-
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formants were crossed into the strain w1118. Random P-element mediated inte-
gration was used to transform the D. simulans w501 strain with p{sim-Lhr-HA}.
3.2.4 Quantitative RT-PCR
Total RNA was isolated using the Trizol Reagent (Invitrogen), followed by DNa-
seI (Roche) treatment and purification using RNeasy columns (Qiagen). First
strand cDNA was synthesized from 4µg of total RNA using the SuperScriptIII
first-strand synthesis system (Invitrogen) with the oligo(dT)20 primer in a 20µl
reaction according to the manufacturer’s instructions. Quantitative real time
PCR (rt-qPCR) was performed on a Biorad MyiQ cycler with SYBR detection
using the 2x supermix from Biorad. Relative concentrations of Lhr transcripts
were calculated against rpl32 as the reference gene with rpl32 primers from Fi-
umera et. al. (2005) [170]. For Lhr a primer pair (1147/1148) was developed that
recognized conserved sequences and that amplified both D. melanogaster and
D. simulans Lhr with equal and high efficiency. For each sample real-time PCR
on test and reference genes was done in technical triplicates, and the standard-
curve method was used to estimate transcript abundance. For each genotype
RNA was isolated from between 3 and 4 independent 6-10 hr-old embryo col-
lections. For all genotypes except D. simulans P{sim-Lhr-HA} cDNA was syn-
thesized twice from each RNA isolate.
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3.2.5 Pyrosequencing
RNA was extracted from 3-5 day-old larvae collected from non-crowded vials.
In hybrid crosses the D. melanogaster mothers carried the X-linked mutation
y−,allowing one to determine the sex of larvae using mouth hook coloration
(daughters are y+ and sons y−). Total RNA and genomic DNA were simulta-
neously extracted from the same biological samples using the SV RNA system
(Promega). For the pure species control, RNA and genomic DNA were extracted
once from a single biological collection, followed by a single round of cDNA
synthesis. For the hybrid samples, RNA and genomic DNA were extracted from
four independent biological samples. cDNA was synthesized twice from each
independent RNA isolate. Pyrosequencing measurements were performed in
triplicate on each cDNA and in duplicate on each genomic DNA.
3.2.6 Western Blotting
Whole cell extracts were obtained by grinding samples in approximately three
times the volume of lysis buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA, 1.25%
TritonX-100, 1X Roche protease inhibitor tablet). Extracts were cleared by cen-
trifugation at 14,000 rpm for 10 min at 4◦C. Total protein concentration of the
cleared extracts was measured using Bradford assay (Biorad) and the samples
were boiled in 0.5X volume of 4X SDS-Sample buffer. For most westerns 40µg
of total protein was loaded in each lane. Primary antibodies used were: rat anti-
HA 3F10 (Roche, 1:1000) and mouse anti-tubulin T5168 (Sigma, 1:10,000). HRP
conjugated goat anti-rat and goat anti-mouse secondary antibodies (Jackson,
1:5,000) were used and detected with ECL Western blotting substrate (Pierce).
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3.2.7 FISH and Immuno-staining
Embryo FISH and immuno-FISH was performed as in Ferree et. al. (2009) [111]
and immunostaining of ovarioles was performed as in Aruna et. al. (2009) [5]
with the following antibodies: Rat anti-HA 3F10 (Roche; 1:100), mouse anti-
HP1 C1A9 (DSHB; 1:100), rabbit anti-histone H3 lysine 9 dimethylation (Up-
state 07-441; 1:100), rabbit anti-Cid (a gift from S. Henikoff; 1:1000), rabbit anti-
GFP (Abcam ab6556; 1:300), mouse anti-Fibrillarin (Cytoskeleton Inc. AFb01;
1:400) and mouse anti-Hts 1B1 (DSHB; 1:4). DNA was stained using TOPRO-
3 iodide (Molecular Probes) or Vectashield containing DAPI (Vector Laborato-
ries). All imaging was conducted at the Cornell University Core Life Sciences
Microscopy and Imaging Facility, using either a Leica DM IRB confocal micro-
scope or an Olympus BX50 epifluorescent microscope, except for embryo im-
ages with a DAPI channel which were taken in the Plant Cell Imaging Center
at the Boyce Thompson Institute, with a Leica TCS SP5 confocal microscope.
Images were processed using Photoshop (Adobe, version 7.0). Contrast and
brightness changes, when used, were applied globally across the image.
Quantification of dodeca signal in interphase larval brain tissue was done
using ImageJ [171]. Watershed segmentation was applied on the DAPI-channel
to generate a mask of nuclear territories. The Analyze Particle function was
then used to identify individual nuclei as ROIs (regions of interest) and screened
to exclude aberrant nuclear segmentations and non-nuclear entities. Each ROI
was individually selected on the dodeca FISH channel of the same image and
the FociPicker3D plug-in was used to identify regions of local maxima. I then
calculated two measures to estimate the nuclear dispersion of dodeca satellite:
(1) the total number of foci per nucleus and (2) the fraction of total nuclear area
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occupied by the dodeca signal.
3.3 Results
3.3.1 Both D. simulans and D. melanogaster Lhr orthologs have
hybrid lethal activity.
I used the φC31 site-specific integration system to generate parallel strains of
D. melanogaster containing either D. simulans or D. melanogaster Lhr transgenes.
Each Lhr ortholog was C-terminally tagged with HA and was expressed un-
der the control of its native regulatory sequences (Figure 3.1). The transgenic
constructs contained the eye-color marker white+ and were each integrated into
the attP2 site on the third chromosome. I tested the transgenes for wild type
activity by assaying for complementation of the D. simulans Lhr1 hybrid rescue
mutation. D. simulans Lhr1 is a loss-of-function mutation that acts as a dom-
inant suppressor of hybrid lethality [166]. Complementation here means that
the transgene provides sufficient wild type Lhr activity to suppress rescue by
the Lhr1 mutation.
Complementation tests were performed by crossing D. melanogaster mothers
heterozygous for the Lhr-HA transgene to D.simulans Lhr1 fathers. This cross
generates two classes of hybrid sons: the control class that lacks the transgene
and has white eyes, and the experimental class that inherits the transgene and
has orange eyes. Complementation is detected as the lethality of orange-eyed
sons. If hybrid lethal activity partitions discretely between Lhr orthologs, as
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expected from the functional divergence interpretation of genetic asymmetry,
sons inheriting the φ{Dsim\Lhr-HA} transgene should be lethal, while those
inheriting φ{Dmel\Lhr-HA} should be viable.
Surprisingly both transgenes fully complemented the D. simulans Lhr1 mu-
tation. I recovered no orange-eyed sons in either cross, which argues that both
D. simulans and D. melanogaster Lhr orthologs have hybrid lethal activity (Table
3.3, crosses 1 thru 4). As this result was contrary to expectation I tested several
possible causes of artifacts in the transgenic constructs. First, the C-terminal
HA-tag does not affect Lhr function because untagged versions of both mel-Lhr
and sim-Lhr also complement Lhr1 (Table 3.3, crosses 5 and 6). Second, the adja-
cent gene Bap55 present in these constructs is not responsible for complementa-
tion because a modified mel-Lhr-HA transgene, φ{∆Bap55 Dmel\mel-Lhr-HA},
in which the Bap55 CDS is interrupted by two stop codons and a frameshift
mutation, also complements Lhr1 (Table 3.3 cross 7). Third, the results are not
caused by other unknown aspects of the strain background or the attP2 site
because the attP2 site itself without an integrated transgene does not comple-
ment Lhr1 (Table 3.3 cross 8). Furthermore mel-Lhr-HA integrated into a dif-
ferent site (attP86Fb) also complements Lhr1 (Table 3.3, cross 4). Fourth, these
results are not due to an over-expression artifact because data presented below
demonstrate that the mel-Lhr-HA transgene expresses Lhr at a level similar to
the endogenous wild type locus (Figure 3.10B). These results clearly show that
D. melanogaster Lhr has hybrid lethal activity even when expressed at its wild
type level.
How does one reconcile these results with the original observation of a dis-
crete functional divergence between D. melanogaster and D. simulans Lhr? Those
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Table 3.3: D. melanogaster and D. simulans Lhr orthologs suppress hybrid rescue
by D. simulans Lhr1.
Cross Transgenic
contruct
attP
site
Temp. No. of hybrid
females
No. of hybrid males
Genotype 1
+/+
Genotype 2
φ{}/+
1 φ{sim-Lhr-
HA}
68A4 RT 232 92 0
18◦ C 214 110 0
2 φ{sim-Lhr-
HA}
86Fb RT 135 74 0
18◦ C 100 57 0
3 φ{mel-Lhr-
HA}
68A4 RT 177 91 0
18◦ C 240 122 0
4 φ{mel-Lhr-
HA}
86Fb RT 263 121 0
18◦ C 246 109 0
5 φ{sim-Lhr} 68A4 RT 184 61 0
6 φ{mel-Lhr} 68A4 RT 302 150 0
18◦ C 217 84 0
7 φ{∆Bap55,
mel-Lhr-HA}
68A4 RT 324 156 0
18◦ C 322 188 0
8 P{Casper4.attP,
y+}
68A4 RT 280 NA 160
Crosses were between D. melanogaster females w; φ{}/+ heterozygous for the different transgenes
tested in D. simulans Lhr1 males. The transgenes carried a copy of the w+ gene so the hybrid
sons inheriting the transgene φ{}/+ (genotype 2) were distinguished from their +/+ siblings
(genotype 1) by their eye-color. The only exception was cross number 8 where D. melanogaster
females homozygous for the integration-site without an inserted transgene were mated to D.
simulans Lhr1 males.
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Table 3.4: A single dose of transgenic mel-Lhr is sufficient to sup-
press hybrid rescue by D. simulans Lhr1
Hybrid females Hybrid males
Df(Lhr)/+ Bal/+ Df(Lhr)/+ Bal/+
Temp. φ{Lhr}/+ +/+ φ{Lhr}/+ +/+
18 ◦C 124 173 0 67 0 62
RT 198 149 0 68 0 52
D. melanogaster females of the genotype y,w; Df(2R)Lhr/CyO; φ{mel-Lhr-HA}/+
were mated to D. simulans Lhr1 males. Hybrids were scored as follows:
Df(2R)Lhr/+ progeny are CyO+ and have straight wings; Bal/+ progeny carry
the CyO balancer chromosome and have curly wings. Hybrid male progeny
that inherit the transgene are orange eyed, while the sibling brothers are
white eyed. Hybrid female progeny with and without the transgene cannot
be distinguished.
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experiments were done in hybrid genotypes that had only a single dose of ei-
ther mel-Lhr or sim-Lhr [51]. In contrast, the experiments here were performed
by adding a transgenic copy of either mel-Lhr or sim-Lhr to hybrids that also car-
ried the endogenous chromosomal copy of mel-Lhr. Since the results presented
here suggest that mel-Lhr has hybrid lethal activity, increased dosage of mel-Lhr
in the current experiments may explain why I have not observed a difference
between the mel-Lhr and sim-Lhr transgenes. This hypothesis raises the ques-
tion of whether the hybrid lethal activity of the φ{Dmel\Lhr-HA} transgene
would be eliminated in a background lacking the chromosomal copy of mel-
Lhr. To test this I crossed D. melanogaster mothers that were doubly heterozy-
gous for φ{Dmel\Lhr-HA} and an Lhr− deficiency to D. simulans Lhr1 fathers.
If transgenic mel-Lhr behaves identically to the endogenous locus, then hybrid
sons inheriting the Lhr− deficiency along with the mel-Lhr transgene should be
equivalent in Lhr dosage to +/Lhr1 hybrid males and thus be viable. However,
this was not the case as these hybrids were completely lethal (Table 3.4). This
result indicates either that the φ{Dmel\Lhr-HA} transgene does not precisely
phenocopy the native chromosomal mel-Lhr locus, or that the multi-locus Lhr−
deficiency has negative effects in hybrids caused by deleting flanking genes.
3.3.2 Interactions with Hmr reveal a difference in lethal activity
between sim-Lhr and mel-Lhr.
Because of these unexpected results I used a more sensitive genetic assay to test
for functional divergence between mel-Lhr and sim-Lhr. It had been previously
demonstrated that Lhr-dependent hybrid lethality requires the presence of its
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D-M partner, the D. melanogaster gene Hmr [51]. Although, hybrid sons res-
cued by the hypomorphic allele Hmr1 were made inviable by the GAL4-induced
expression of UAS-sim-Lhr, the same sim-Lhr over-expression failed to comple-
ment rescue by the null allele Df(1)Hmr−. These experiments were interpreted
as demonstrating that sim-Lhr requires mel-Hmr to cause hybrid lethality.
I reasoned that the hypomorphic Hmr allele might exhibit sensitivities to
the HI effect of the different Lhr alleles. I therefore introduced each of the Lhr
transgenes into Hmr1 and Df(1)Hmr− mutant backgrounds and tested the ef-
fect of the transgenes on hybrid male viability in crosses to D. mauritiana and
D. simulans. Crosses with the sim-Lhr-HA transgene recapitulated previous ex-
periments: Hmr1 hybrid males carrying sim-Lhr-HA were essentially lethal at
room temperature and strongly reduced in viability at 18◦C, while Df(1)Hmr−
hybrid males were equally viable with and without the transgene (Table 3.5). I
then performed similar crosses with mel-Lhr-HA. This transgene had little effect
on viability of Df(1)Hmr− males and the results were not significantly different
compared to the crosses with sim-Lhr-HA (Table 3.5, 1 & 2). In crosses with the
hypomorphic mutation Hmr1, hybrids carrying mel-Lhr-HA had reduced via-
bility compared to their non-transgene carrying siblings, particularly at room
temperature. Strikingly, however, I found that in all four cross conditions the
magnitude of the viability reduction was significantly less for mel-Lhr-HA com-
pared to sim-Lhr-HA (Table 3.5, 3 & 4). These data demonstrate that sim-Lhr
is more potent than mel-Lhr in creating the hybrid lethal interaction with Hmr,
and that these Lhr transgenes thus do in fact demonstrate the expectation of
functional divergence.
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Table 3.5: D. simulans Lhr interacts more strongly with Hmr than D. melanogaster
Lhr.
Hybrid male genotype
D. mel Lhr D. sim Lhr
Hmr alelle
tested
Male
parent
Temp. +/+ φ{}/+ +/+ φ{}/+ Fisher’s
exact test P
1 Df(1)Hmr D. sim RT 128 160 278 288 0.2178
Df(1)Hmr D. sim 18◦C n.d. n.d. 29 18 n.d.
2 Df(1)Hmr D. mau RT 124 195 119 124 0.02024*
Df(1)Hmr D. mau 18◦C 140 120 50 45 0.904438
3 Hmr1 D. sim RT 181 33 35 0 0.00654**
Hmr1 D. sim 18◦C 349 258 502 82 0.00000***
4 Hmr1 D. mau RT 351 117 159 2 0.00000***
Hmr1 D. mau 18◦C 497 388 476 256 0.00029***
Two Hmr alleles were tested for interaction with transgenic Lhr orthologs: a null and a hypo-
morph, specified in the table as Df(1)Hmr and Hmr1 respectively. Crosses were set up with D.
melanogaster females that carried an Hmr mutant allele and were heterozygous for Lhr trans-
gene, denoted as φ{} in the table. Complete genotype of the females is as follows: null mu-
tation, y w Df(1)Hmr− v/ FM6 (B, dm, sc, y, w); φ{transgene, w+}/+ and hypomorph, w Hmr1 v;
φ{transgene, w+}/+. Each D. melanogaster female genotype was mated to males from two sib-
ling species, D. simulans 9-29v and D. mauritiana Iso105. Hybrid male progeny that inherit the
transgene were identified as orange eyed, while the sibling brothers were white eyed. The FET
is comparing the relative viability of hybrid sons inheriting the D. melanogaster Lhr transgene
vs the relative viability of sons inheriting the D.simulans Lhr transgene in parallel crosses.
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3.3.3 LHR partially localizes to the dodeca satellite within
heterochromatin.
Coding sequence evolution leading to different localization patterns is one pos-
sible cause of Lhr functional divergence. In order to test this hypothesis I exam-
ined the cellular localization of LHR orthologs in their wild type backgrounds
using the Lhr transgenes. In D. melanogaster LHR protein is most abundant
during embryogenesis (Figure 3.2A). I next analyzed the distribution of LHR
through the cell cycle and found a cyclical on-off pattern, with localization to
chromatin mainly during interphase (Figure 3.3). This pattern is identical to
its interaction partner, Heterochromatin Protein 1 (HP1) [172].Thus, I focused
on interphase nuclei, and unless otherwise specified all images were taken at
embryonic nuclear cycles 12-14, when heterochromatin is first observed. Con-
sistent with previous results, LHR-HA co-localized with HP1 at DAPI-rich het-
erochromatic foci on the apical surface of the nuclei (Figure 3.4A). Unlike HP1,
however, which is found throughout the nuclear compartment including eu-
chromatin, LHR is restricted to heterochromatin. Consistent with being lo-
calized to a sub-domain of HP1, LHR localization strongly overlapped with
Histone-3 lysine 9 dimethylation (H3K9me2), a histone modification specific to
pericentric heterochromatin [173].
LHR staining was also observed in the embryonic germline precursors, the
pole cells, and in the somatic and germline cells of the ovary (Figure 3.4B),
where it again co-localized with H3K9me2 (Figure 3.4C). However, LHR was
clearly excluded from the nucleolus, a sub-compartment within heterochro-
matin consisting of rDNA repeats (Figure 3.4C). This suggested that LHR has a
specific distribution within heterochromatin. I therefore used immuno-FISH to
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Figure 3.2: Comparison of LHR protein across developmental stages and ge-
netic backgrounds using Western blots.(A) A developmental time course of
mel-LHR-HA protein from a transgene homozygous in D. melanogaster. (B)
LHR protein in 0-16 hr embryos from HA-tagged transgenes in different ge-
netic backgrounds. (left panel) Two copies of Lhr-HA transgenes in their own
species; (middle) One copy of the mel-Lhr-HA transgene in D. melanogaster and
in hybrids; (right) One copy of the D. melanogaster and D. simulans Lhr-HA trans-
genes in hybrids. Immunoblots were hybridized with anti-HA antibodies, and
anti-tubulin was used as a loading control. The molecular weight of D. simulans
LHR is predicted to be 2 kD greater than melanogaster LHR, thus the size shift
between the two orthologs.
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Figure 3.3: LHR distribution through the cell cycle. mel-LHR-HA detected with
anti-HA (green) and DNA stained with TOPRO-3 (red) in D. melanogaster nu-
clear cycle 10 embryos during: (A) interphase; (B) prophase; (C) metaphase; (D)
anaphase; (E) telophase.
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Figure 3.4: D. melanogaster LHR localizes to pericentric heterochromatin.(A) D.
melanogaster cycle 14 embryos co-stained for mel-LHR-HA (green) and different
heterochromatic markers (red). mel-LHR-HA localizes as distinct foci within
heterochromatin marked by DAPI and anti-HP1, and shows colocalization with
pericentric heterochromatin marked by anti-H3K9me2. mel-LHR-HA does not
colocalize with centromeres as marked by anti-Cid . (B) Top, the posterior re-
gion of a cycle 12-14 embryo showing mel-LHR-HA (green) in the pole cells
(germline precursor cells; arrow). Bottom, a germarium from a 2-3 day old
female ovary with the anterior end to the left. mel-LHR-HA is found in all
germline cells including the stem cells (arrow) and the developing cysts (arrow-
head). The fusome and follicle cell membranes are marked using anti-hts (red).
A portion of an egg chamber is visible in the bottom right. (C) Stage 4-6 egg
chambers from 2-3 day-old D. melanogaster ovaries, stained for mel-LHR-HA
(green) and heterochromatic markers (red). mel-LHR-HA is found in both the
polyploid germline nurse cells (large cells in the centre) and in somatic follicle
cells (small surrounding cells), and colocalizes to a sub-compartment of hete-
rochromatin marked by anti-H3K9me2 but not to the nucleolus, stained with
anti-fibrillarin.
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investigate the localization pattern of LHR relative to various pericentric satel-
lites in D. melanogaster. I observed no overlap between LHR and the 359 bp
satellite, a 4-5 Mb block on the X-chromosome [174, 175], nor between LHR and
the highly abundant AATAT satellite, which is distributed across multiple chro-
mosomes [176] (Figure 3.5A & B). In contrast, LHR consistently overlapped with
dodeca, a G.C-rich pericentric satellite on the third chromosome [177], although
a substantial amount of LHR is also found in other heterochromatic regions that
I have not mapped. During metaphase, however, the majority of LHR signal
localized to four discrete foci along the metaphase plate. Strikingly, each LHR
focus corresponded to the pericentric region of the third chromosome, as iden-
tified by overlapping dodeca signal (Figure 3.5B).
3.3.4 LHR heterochromatic localization betweenD.melanogaster
and D. simulans is conserved
I next wanted to test whether LHR localization is conserved in D. simulans. I
constructed transgenic lines of D. simulans using the same epitope tagged sim-
LHR-HA construct that I described in the above genetic assays. Like mel-LHR,
sim-LHR in D. simulans also localized to apical heterochromatic foci, as marked
by DAPI (Figure 3.7A). Dodeca, which is present only on the pericentric re-
gion of the third chromosome in D. melanogaster, is present on the pericentric
heterochromatin of both the second and the third chromosomes in D.simulans
[178]. I confirmed this difference and mapped the dominant dodeca signal to the
D. simulans second chromosome in mitotic brain squashes (Figure 3.6A). I also
noted significant differences in the interphase organization of dodeca between
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Figure 3.5: D. melanogaster LHR partially localizes with the dodeca satellite (A)
Schematic of satellites used as targets of FISH. (B) immuno-FISH experiments
in D. melanogaster embryos with anti-HA (green) to detect mel-LHR-HA and
various FISH probes (red or blue). In interphase nuclei LHR shows no overlap
with the 359 bp and AATAT satellites but partially co-localizes with the dodeca
satellite. Right panel shows a mitotic nucleus with the pericentric regions of
chromosomes 2 and 3 (marked by the 2L3L satellite) aligned at the metaphase
plate. In the merge LHR signal is clearly present only at the 3rd chromosome,
marked by the dodeca satellite.
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species. I quantified the number of dodeca foci per nucleus and the fraction of
nuclear space occupied in interphase nuclei from wild type brains. The dodeca
signal in D. simulans was broken up into more foci and occupied a greater nu-
clear volume, indicating that dodeca-containing heterochromatin had evolved
species-specific nuclear organization properties (Figure 3.6B).
Remarkably, despite this divergence in both chromosomal location and struc-
ture of dodeca, immuno-FISH mapping in D. simulans showed that sim-LHR
partially co-localized with dodeca in interphase nuclei (Figure 3.7A).It is highly
unlikely that this conserved pattern is because LHR orthologs share a DNA-
binding activity specific to the dodeca sequence for three reasons: (1) LHR
CDS encodes no recognizable DNA-binding domain, (2) LHR localization to
heterochromatin is dependent on HP1 binding [114, 86] and (3) LHR signal is
neither restricted to dodeca nor perfectly overlapping with it (Figure 3.5B and
3.7). Thus, this shared localization to dodeca could also be interpreted as di-
vergence of localization properties driven by co-evolution with species-specific
heterochromatic sequences.
To distinguish between the two I examined the localization of LHR in a for-
eign species background. I did immuno-FISH experiments on the φ{Dsim\Lhr-
HA} transgenic line, which expresses sim-LHR in D. melanogaster. I found that
sim-LHR localized to the H3K9me2-enriched heterochromatic regions, and co-
localized with the dodeca satellite in a pattern identical to that seen for mel-
LHR (Figure 3.7B). In order to directly compare the localization of LHR or-
thologs within the same nucleus, I generated a recombinant transgenic line that
expressed both YFP-tagged mel-LHR and HA-tagged sim-LHR. The two LHR
orthologs showed complete overlap, demonstrating that the heterochromatic
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Figure 3.6: Divergent localization and interphase organization of the dodeca
satellite between D. melanogaster and D. simulans. FISH to mitotic (A) and inter-
phase (B) nuclei from 3rd instar larval brain cells with probes to dodeca (green)
and 2L3L (red).Right panel shows quantification of the nuclear distribution of
the interphase dodeca FISH signal. The mean value is indicated by the green
line (n=10).Boxes span the interquartile range and whiskers extend to the maxi-
mum and minimum values.
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Figure 3.7: LHR orthologs have conserved heterochromatic localization prop-
erties.(A) sim-Lhr-HA transgene in D. simulans embryos.Left panel, Anti-HA
(green) detects sim-LHR-HA co-localizing with HP1 (red) in the apical hete-
rochromatin. Right panel, sim-LHR-HA partially co-localizes with dodeca satel-
lite FISH (blue). (B) sim-Lhr-HA transgene inD.melanogaster embryos. sim-LHR-
HA was detected with anti-HA and co-localizes with H3K9me2 and mel-LHR-
YFP, detected with anti-GFP (red). sim-LHR-HA also partially overlaps with
the D. melanogaster dodeca satellite.
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localization properties of LHR orthologs are indeed conserved (Figure 3.7B).
3.3.5 Wild type heterochromatin and LHR localization in in-
compatible hybrids.
To determine whether general heterochromatin states are perturbed in hybrids
I looked at HP1 and H3K9me2 localization. Although hybrid embryos were
not sexed in this experiment, the staining appeared uniformly wild type. In
order to specifically compare LHR and/or dodeca localization in hybrid males
versus females, I developed a FISH probe that hybridized to the simulans Y-
chromosome (Figure 3.8). I found that mel-LHR staining was enriched within
the apical heterochromatin compartment in both sexes, and that it overlapped
with the dodeca signal (Figure 3.9A). Importantly, I detected no difference in do-
deca organization and LHR localization between lethal hybrid males and viable
hybrid females (Figure 3.9B).
I then looked at heterochromatin states of hybrid larvae since developmental
defects could become more apparent later in development. I examined several
satellite classes in larval neuroblasts, because perturbations to the general hete-
rochromatin structure are often reported as disruptions in the organization and
clustering of satellite DNA repeats [180]. Consistent with the embryo stain-
ing, I saw no defects in the organization of dodeca and several other satellite
classes in either lethal male or viable female larvae (Figure 3.9D). Moreover, de-
spite obvious differences in the pericentric heterochromatic sequences between
homologous chromosomes, somatic pairing was entirely unaffected in hybrid
nuclei.
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D. melanogaster D. simulans
mel-Y (AATAAAC)n (AATAAAC)n
X
Y
Figure 3.8: FISH mapping demonstrating that (AATAAAC)n is a D. simulans Y-
specific satellite. The (AATAAAC)n was identified as a satellite sequence on D.
melanogaster Y by Bonaccorsi & Lohe (1991) [179]. The left panel contains a D.
melanogaster female and male embryo. Both the D. melanogaster Y-specific probe
(AATAC)n and the D. simulans Y probe (AATAAAC)n hybridize specifically to
the male embryo. The inset is a higher magnification of nuclei from the male
embryo. The right panel is a mitotic spread from wild type D. simulans male
3rd instar larval brain cells. (AATAAAC)n hybridizes to a single region on the Y-
chromosome. The inset is nuclei from a D. simulans male embryo, (AATAAAC)n
signal is seen as a single dot in each nucleus.
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Figure 3.9: Normal LHR localization and organization of heterochromatin in hy-
brids. (A) mel-LHR-HA (green) colocalizes with HP1 and H3K9me2 (each red),
similarly to wild type (see Figure 3.4). (B) mel-LHR-HA partially colocalizes
to dodeca satellite in male and female hybrid embryos. (C) A schematic kary-
otype of a hybrid nucleus with sites of FISH probe hybridization highlighted.
(D) Interphase nuclei from brain cells of male and female larvae have wild type
organization of the dodeca and 2L3L satellites (see Figure 3.6 for wild type con-
trol). Hybrid larvae were generated a cross between D. melanogaster yv females
and D. simulans v males, and were sexed using mouth hook coloration.
95
3.3.6 cis-by-trans regulatory divergence causes functional di-
vergence at D. melanogaster and D. simulans Lhr.
To address whether Lhr regulation has diverged between D. melanogaster and D.
simulans, I surveyed Lhr transcript levels in three strains from each of the two
species, and found no significant difference (Figure 3.10A). I also found that the
expression of φ{Dmel\Lhr-HA} and P{Dsim\Lhr-HA} constructs was at wild
type levels, in their own species background. However, qRT-PCR showed that
the level of Lhr transcript from φ{Dsim\Lhr-HA} transgene in D. melanogaster
was significantly higher in comparison to the φ{Dmel\Lhr-HA} transgene, which
is indicative of cis-regulatory divergence (Figure 3.10B). This upregulation is
clearly a function of the D. melanogaster background, because transcription of
the same construct in D. simulans is at wild type levels. This pattern suggests
that Lhr has undergone cis-by-trans compensatory regulation; i.e. cis-regulatory
regions and trans-factors have co-evolved within each species to maintain a con-
stant level of gene expression, and the uncoupling of such species-specific com-
pensatory changes in a foreign genetic background is causing mis-expression
[181]. I hypothesized that such a mechanism might cause asymmetric expres-
sion of Lhr orthologs in hybrids and by extension underlie the asymmetric res-
cue properties of Lhr orthologs.
In other words, is the D. simulans mutation rescuing hybrid sons because it
removes a greater fraction of the total Lhr gene product, compared to a mutation
in the D. melanogaster ortholog? To test this hypothesis, I did allele-specific py-
rosequencing to estimate the relative expression levels of the two Lhr orthologs
in hybrids. I examined 2-3 day old larvae because temperature shift experi-
ments have shown that the L2/L3 stage is the critical phase of the lethality [50].
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Figure 3.10: Cis-by-trans regulatory divergence of D. simulans Lhr (A) Lhr tran-
script levels in different wild type and marker strains of D. melanogaster and
D. simulans (Nested ANOVA F1,4 = 0.89; p = 0.39). (B) Lhr transcript levels in
transgenic lines compared to the corresponding host strain genetic background
(w1118 for D. melanogaster and w501 for D. simulans). The transgenic lines are ho-
mozygous for the transgene and for the endogenous Lhr allele, and therefore
have four copies of Lhr. Lhr transcript abundance is doubled in φ{mel-Lhr} and
P{sim-Lhr} relative to their respective reference backgrounds, indicating wild
type expression levels of these transgenes in their native species. In contrast,
Lhr transcription in φ{sim-Lhr} is significantly higher than in φ{mel-Lhr} (by
two-tailed t-test) and is ≈3X the level of the reference background. For both A
and B, RNA was isolated from 6-10 hr old embryos. Lhr expression levels were
measured relative to rpl32 using quantitative RT-PCR. Expression levels were
normalized by setting D. melanogaster w1118 strain to 1. Error bars represent stan-
dard deviation within biological replicates, n≥6 for all except P{sim-Lhr}where
n=3.
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As expected Lhr transcript from the pure species parents was 100% for their
respective species-specific SNP. However, there was a significant overrepresen-
tation of the D. simulans-specific SNP in both hybrid males and females, with
≈65% of Lhr deriving from the D. simulans ortholog in hybrid males and ≈60%
in hybrid females (Figure 3.11). These data confirm the expectation that cis-by-
trans divergence of Lhr regulation causes asymmetric expression in hybrids.
3.4 Discussion
3.4.1 Function underlying hybrid lethal activity of Lhr was present
in the ancestral allele.
Lhr and Hmr are D-M interaction partners that cause hybrid lethality [51]. Pop-
ulation genetic analysis on Lhr, Hmr and other HI genes has found them to be
evolving rapidly under selection [51, 127, 112, 88, 90, 8, 97]. The key assump-
tion often made is that this selection-driven divergence is the molecular basis of
incompatibility in hybrids. A direct expectation from this assumption is that in-
dependently evolving orthologs of a D-M gene should be non-equivalent with
respect to the HI phenotype. Genetic data support this expectation for Lhr, be-
cause a loss of function mutation in D. simulans Lhr rescues lethal hybrid sons,
while a loss-of-function mutation in D. melanogaster Lhr does not [51]. These
findings led to the hypothesis that HI is specifically due to divergence specific
to the simulans lineage, and is caused by a change in its heterochromatin associ-
ation properties.
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Figure 3.11: Asymmetric expression of Lhr orthologs in hybrids. Pyrosequenc-
ing across a SNP fixed between Lhr orthologs was used to measure the ratio of
allelic transcription in pure-species and hybrid larvae that were 3-5 days old.
Lhr transcript from each of the pure species is 100% for the species-specific vari-
ant of the SNP, while the D. simulans-specific SNP is detected at levels signifi-
cantly greater than the expected 50% in both male and female hybrids (p< .0001
and p=.005 for hybrid males and females respectively, by two-tailed t-test)
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Contrary to this expectation, Brideau et. al. (2011) [86] found that both D.
melanogaster and D. simulans Lhr could cause HI and were unable to detect any
differences in their heterochromatic properties. However, the use of GAL4-UAS
driven Lhr transgenes as an assay limited their abilities to detect functional dif-
ferences based on differences in expression level. I therefore, decided to use a
native-promoter driven transgenic system to assay the functional divergence of
Lhr orthologs. Consistent with Brideau et. al. (2011) I find that both Lhr or-
thologs suppress hybrid rescue by D. simulans Lhr1, supporting the inference
that hybrid lethal activity is a shared ancestral function. However, using a more
sensitive interaction assay with Hmr, I did in fact detect that the lethal inter-
action was greater with simulans Lhr (Table 3.5), consistent with the pattern of
genetic asymmetry where a mutation in D. simulans Lhr rescues hybrid lethality,
while a deficiency removing D. melanogaster Lhr does not.
The use of native promoters allowed us to exclude the possibility that the
shared incompatibility is an artifact of over-expression; a particular concern in
the hybrid background, as it is less likely to be buffered against the adverse ef-
fects of excess chromatin proteins. I also used more upstream DNA than Prigent
et. al. (2009) [182], whose transgene was also functional. Despite this, the trans-
genic system appears to have greater hybrid lethal activity than the endogenous
locus in genetic tests (Table 3.4). However, this anomalous behavior of the trans-
gene does not undermine the conclusion that the D. melanogaster Lhr ortholog
has hybrid lethal activity; instead it highlights the finding that the hybrid male
background is extremely sensitive to the dosage of Lhr, revealing a functional
divergence that, at least in part, depends on expression levels.
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3.4.2 Conserved heterochromatic properties of Lhr orthologs.
LHR orthologs in multiple Drosophila species associate with heterochromatin,
at least in a D. melanogaster background [86]. However, the heterochromatic
landscape is dramatically different in each species [11]. This raises the possi-
bility that rapid evolution of Lhr orthologs could be reflecting functional diver-
gence necessitated by association with fast-evolving heterochromatic sequences.
I addressed this possibility for LHR in two ways, (1) I mapped its localiza-
tion within D. melanogaster pericentric heterochromatin and (2) compared local-
ization patters of LHR in D. simulans, and (3) examined localization of sim-LHR
in D. melanogaster background. In both species LHR localized to DAPI-rich hete-
rochromatic foci. This localization to heterochromatin was however, noticeably
not ubiquitous. For example, LHR signal showed no overlap with the AATAT
satellite or the 359 bp satellite-block, which together account for a major fraction
of D. melanogaster pericentric repeats [176]. In contrast, LHR consistently co-
localized with the dodeca satellite in both species during interphase. The con-
servation of this co-localization pattern was particularly striking, given the dra-
matic redistribution of this satellite between the two species. In D. melanogaster
dodeca repeats are located within pericentric heterochromatin of the third chro-
mosome, while in D. simulans dodeca has expanded to both autosomes, with the
major focus on the second chromosome (see Figure 3.6A and [178]). It is clear
therefore that the chromosomal distribution of LHR between the two species is
divergent. However, despite this apparent divergence, simulans LHR when ex-
pressed in D. melanogaster co-localized perfectly with its endogenous ortholog
(Figure 3.7), demonstrating full conservation of their heterochromatic localiza-
tion properties.
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Could the shared hybrid lethal activity of Lhr orthologs be a function of their
conserved heterochromatic localization?
3.4.3 No evidence for heterochromatic defects in incompatible
hybrids.
I addressed this question by analyzing localization patterns of LHR and the dis-
tribution of other heterochromatic markers, including the dodeca satellite, in
hybrids. I found no evidence for heterochromatic defects in hybrids (Figure
3.9). Dodeca organization is unaffected in lethal males and viable females. Like
in pure species, LHR localizes to heterochromatic foci, especially dodeca, in both
hybrid males and female embryos. Although the cytological analyses done here
argue against gross defects in heterochromatin, their resolution would not de-
tect fine-scale perturbations. Global studies from the van Steensel group have
also found hundreds of LHR localization sites within euchromatin [114], and it
is possible that LHR is mislocalizing at euchromatic loci in hybrids. Nonethe-
less, these results set Lhr apart from the other two heterochromatin-associated
HI genes, OdsH and Zhr, where incompatible hybrids have gross defects in het-
erochromatin [85, 111]. Such defects have been interpreted as support for the
hypothesis that internal conflict with selfish-heterochromatic elements is driv-
ing HI [165]; by this logic these results then do not support this view for Lhr
evolution.
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3.4.4 Regulatory divergence underlies asymmetric hybrid lethal
effects of Lhr othologs.
I therefore examined whether functional divergence of Lhr orthologs was re-
flecting regulatory sequence divergence rather than CDS divergence. Asym-
metric expression of Lhr orthologs in the hybrid background could explain the
aforementioned genetic asymmetry. I tested this hypothesis by measuring allele-
specific expression of Lhr orthologs in hybrid larvae. The results strongly sup-
port this hypothesis; I found that 66% of the total Lhr transcripts in lethal hybrid
male larvae originates from the simulans allele (Figure 3.11). Thus a mutation in
D. simulans Lhr creates hybrid sons with only 1/3rd the wild type level of Lhr
transcript, while hybrid sons with a mutation in D. melanogatser ortholog have
twice that amount. This pattern is consistent with a loss-of-function mutation in
D. simulans Lhr producing viable hybrids because it removes a greater fraction
of the total Lhr gene product, while a deficiency removing D. melanogaster Lhr
produces inviable sons.
This data strongly argues that the hybrid male genotype has evolved an
acute sensitivity to Lhr dosage. Taken together with the genetic experiments
showing that hybrid lethal activity is a shared ancestral function, this provides
compelling evidence to reinterpret the functional asymmetry in terms of regu-
latory divergence rather than CDS divergence.
This divergence, however, is not reflecting a species-specific adaptation in
expression levels, because Lhr expression surveyed in multiple strains from the
two species was not significantly different from each other (Figure 3.10A). Using
these transgenes, I was able to locate the molecular basis of this dysregulation
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in hybrids to the uncoupling of species-specific compensatory changes between
cis-regulatory sequence and trans-factors. Interestingly, studies comparing the
evolution of transcriptional networks between species have found this type of
regulatory divergence most frequently associated with mis-expression in inter-
specific hybrids [181, 62]. Cis-by-trans regulatory divergence has been shown
to cause a large number of relatively small changes in interspecific hybrids; this
is the first time that it is implicated as the source of functional divergence at a
D-M locus. This result underscores the importance of factoring in regulatory
divergence in the interpretation of interspecies experiments.
3.4.5 A Dobzhansky-Muller interaction between a derived and
an ancestral allele.
Results presented here demonstrate that hybrid lethal activity is a function shared
by both Lhr orthologs but that there is in fact a quantitative difference between
them in their potency to cause lethality. The interpretation that the molecular
interaction causing HI was present in the ancestral allele of Lhr is further sup-
ported by the observation that GAL4-UAS driven expression of D. yakuba Lhr,
an outgroup species, also kills hybrid sons [86]. Unlike Lhr, complementation
tests with its D-M partner, Hmr showed that only the melanogaster ortholog but
not the D simulans ortholog is capable of HI [127]. Thus implying that, the HI ef-
fect of Hmr was derived during its independent evolution in the D. melanogaster
lineage. I propose two models that explain how incompatibility between the
ancestral Lhr allele and a derived Hmr allele could evolve.
The two-locus model is a variation of the derived-ancestral incompatibility
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Figure 3.12: Alternative models for the evolution of hybrid lethality: incom-
patibility between an evolutionarily derived D. melanogaster Hmr and ancestral
Lhr. In the first model a suppressor (Sup) fixed in the melanogaster lineage pre-
venting the two-locus D-M interaction in the pure species background. In the
second model an additional locus (Sen*) from the simulans lineage is needed to
complete the lethal interaction.
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described by Muller in his 1942 treatise [19]. In this model, a suppressor evolves
first and is fixed in the melanogaster lineage, before the incompatibility-causing
substitutions evolved in Hmr (Figure 3.12A). In the hybrid background, the sup-
pressor is diluted, exposing the lethal interaction. Alternatively incompatibility
could result from a complex epistatic interaction involving three or more loci.
Here, evolution along the simulans lineage creates a sensitizing locus, Sen*, that
causes the hybrid background to become sensitive to the dosage of Lhr in the
presence of Hmr from the melanogaster lineage (Figure 3.12B). I favor the three-
locus model because in the two-locus model over-expression of Lhr orthologs
in D. melanogaster is expected to at least partially overcome the suppressor and
create the incompatible interaction. However, GAL4-UAS over-expression of
either Lhr ortholog has no effect in a D. melanogaster pure species background
[51, 86].
Other examples of ancestral-derived incompatibilities have also been dis-
covered, such as the inter-allelic incompatibility at the S5 locus in rice, and the
bi-allelic incompatibility between the derived S. cerevisiae splicing factor MRS1
and the ancestral COX1 mRNA [76, 78]. However, unlike the incompatible S5 al-
leles which differ by only two amino acid substitutions, and MRS1 where the in-
compatibility has been mapped to three amino acid substitutions, Lhr orthologs
have diverged rapidly under selection. It is therefore remarkable that despite
striking protein sequence divergence between the hybridizing species, hybrid
lethality has evolved as sensitivity to the dosage of an ancestral function. The
key mechanistic insight from this is that instead of looking for a process or cellu-
lar component that differentiates Lhr orthologs as the source of hybrid lethality,
I now know that the senstivity to Lhr in hybrids is based on a function and/or
interaction that is common to both orthologs.
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3.4.6 Role of selection in the evolution of incompatibilities.
There are least 6 HI genes known that are rapidly diverging under selection.
With the exception of OdsH and Prdm9, where the signature of selection is re-
stricted to a single functional domain [85, 97], in all other cases peaks of non-
synonymous substitutions do not coincide with a particular domain within the
HI gene. In these cases, it has been assumed that changes derived under selec-
tion have led to functional divergence, in turn causing incompatibility. How-
ever, it remains to be tested if that is truly the case.
Here I have tested the hybrid lethal activity of both Lhr orthologs and have
found that despite striking divergence of the CDS, hybrid lethal activity is a
shared ancestral function. I have not ruled out the contribution of CDS diver-
gence to differences in hybrid lethal activities. However, it appears that the
D-M asymmetry at the Lhr locus is largely explained by regulatory divergence.
These results highlight the complexity of the interspecific background and em-
phasize that hybrids are far from being the stoichiometric sum of two parental
genomes. I suggest that although positive selection in the CDS is a characteristic
of HI genes, the phenotypic target of selection and its consequence to HI might
be much less direct than expected.
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CHAPTER 4
AN ANCESTRAL INDEL POLYMORPHISM CONTRIBUTES TO THE
FUNCTIONAL DIVERGENCE OF LHR ORTHOLOGS
4.1 Introduction
What is the evolutionary driver of speciation? A significant step towards an-
swering this question has been the identification of hybrid incompatibility (HI)
genes, i.e. genes with “incompatible substitutions” that cause breakdown in
interspecific hybrids. The next challenge is describing the evolutionary basis
for the origin of such “incompatible substitutions”. The classic Dobzhansky-
Muller (D-M) model elegantly explains how substitutions incompatible only in
an interspecific context can evolve, however it is agnostic on the nature of the
intraspecific evolutionary forces that cause them (reviewed in [183, 184]). The
model is equally consistent with incompatible substitutions evolving as func-
tionally neutral mutations drifting to fixation or as functionally advantageous
mutations being driven to fixation by natural selection.
It is therefore particularly intriguing that so many HI genes show high rates
of sequence divergence driven by positive selection. If this divergence corre-
sponds to the “incompatible substitutions” then there is a direct link between
the phenotype under selection and HI. This is very likely for the hybrid sterility
gene OdsH, where the signature of selection is concentrated within the DNA-
binding homeodomain [8]. Functional analysis of OdsH orthologs has impli-
cated divergent DNA-binding activity in hybrid incompatibility [85]. However,
such a direct link between sequence divergence and function remains to be es-
tablished for other rapidly evolving HI genes.
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The HI gene Lhr poses an interesting paradox. Like many other HI genes, Lhr
orthologs have strikingly divergent sequences evolving under positive selection
[51]. The classic D-M model describes HI as the negative ectopic interaction be-
tween two derived loci, thus setting up the expectation that selection-driven di-
vergence of Lhr created “incompatible substitutions” in one of the hybridizing
lineages. Surprisingly, however in transgenic assays Lhr orthologs from both
species can cause hybrid dysfunction [86]. This argues against the expectation
that the hybrid lethal activity of Lhr is solely the outcome of selection-driven
substitutions in its protein coding sequence (CDS) specific to D. simulans. More-
over, results presented in chapter 3 argue that the divergent hybrid lethal activ-
ities of Lhr orthologs can be largely attributed to their asymmetric expression in
the hybrid background. The D. simulans Lhr allele is expressed two-fold higher
than the melanogaster ortholog in the F1 hybrid. But it is still an open question
whether divergence of the CDS might also be contributing to the differential
hybrid lethal effects of Lhr.
Lhr orthologs have ≈50 fixed differences between D. melanogaster and D. sim-
ulans scattered throughout a protein sequence of ≈330 residues. Additionally,
Lhr from each of the sibling species D. simulans, D. mauritiana and D. sechellia
has a 16 amino acid insertion relative to the D. melanogaster ortholog. The in-
sertion is absent in the outgroup species and is therefore identified as a derived
state, specific to the common ancestor of the sibling species. This 16 amino acid
insertion is also interesting because it may affect the structure of a predicted
leucine zipper in the LHR protein, and had been proposed as a candidate for
the functional divergence of Lhr orthologs [51].
The discovery of D. simulans Lhr2, a hybrid rescue line segregating an un-
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usual Lhr allele missing this 16 amino acid insertion, motivated us to further
explore the effect, if any, of this indel on the hybrid lethal activity of Lhr or-
thologs. However, the Lhr2 alelle also has several rare polymorphisms and a
complex deletion in its C-terminus within a sequence of high conservation (Fig-
ure 4.1). Thus, even if the hybrid rescue property of the D. simulans Lhr2 strain
is a function of the unusual CDS of the Lhr2 allele, it is unclear whether one of
these changes is individually responsible or if it is the combined effect of multi-
ple sequence variants.
A population survey revealed that the ancestral non-insertion form is seg-
regating at a very low frequency in some D. simulans populations [185]. Nolte
et. al. (2008) tested 2 D. simulans strains that carried Lhr alleles lacking the 16
amino acid insertion but not the C-terminal deletion in hybrid crosses. Neither
of these strains produced viable hybrid sons, leading them to conclude that the
hybrid rescue property of the D. simulans Lhr2 strain could not be attributed to
the ancestral non-insertion form of the 16 amino acid indel, leaving the complex
C-terminal mutation as the most likely candidate. However, whether the indel
polymorphism contributes to divergent hybrid lethal activities of Lhr orthologs
remained untested.
Although indels are a common type of sequence variation, they are rarely
considered in evolutionary studies. The reason for this is that their origins and
functional consequences are poorly understood. Analysis of indels within pro-
tein sequences supports the view that they effect protein-folding, and compu-
tational analysis of high-throughput protein interaction data sets suggests that
indels modify protein interaction interfaces, thereby significantly rewiring the
interaction networks [186, 187]. Moreover, studies comparing patterns of evolu-
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10 20 30 40 50
....|....|....|....|....|....|....|....|....|....|
mel Lhr MSTDSAEETVIHSTVPHLEINISNTNISGQIVLNDLLLMEMLARYPFLII
sim Lhr MSTDSAEETAIHSTVPHLEINISNTNNSGQIVLNDVLLMEMLARYPFLII
sim Lhr2 MSTDSAEETAIHSAVPHLEINISNTNISGQIVLNDVLLMEMLARYPFLII
60 70 80 90 100
....|....|....|....|....|....|....|....|....|....|
mel Lhr PQVEPKMDVDYDSWGWDQLAKSFNQSYEHVELSTPFSVSELKLRWVKLRP
sim Lhr PQVEPKMDVEYNAWGWDQLTKSFNQSYESVELSTPFSVTELKLRWVKLRP
sim Lhr2 PQVEPKMDVEYNSWGWDQLTKSFNQSYESVELSTPFSVTELKLRWVKLRP
110 120 130 140 150
....|....|....|....|....|....|....|....|....|....|
mel Lhr LVRALAGSKGQIPEPLWR----------------VMHDVHIRMQAPNPAD
sim Lhr LLKAFAASKGQITEPLWREMNDVHKLQIPEPLRRVMNDVHIRMQSAKPAD
sim Lhr2 LLKAFAAAKGQIPEPLFR----------------VMNDVHIRMQSAKPAD
160 170 180 190 200
....|....|....|....|....|....|....|....|....|....|
mel Lhr VPKTKCQEFLLSQLPFVKSMAQAERRHLEVEVLALILEQERQEKATRKLG
sim Lhr VPKTKCQEFLLSQLPFVKSLSPAERRHLEVEVLDIILEQERQEKATRQLG
sim Lhr2 VPKTKCQEFLLSQLPFVKSLSPAERRHLEVEVLDLILEQERQEKATRQMG
210 220 230 240 250
....|....|....|....|....|....|....|....|....|....|
mel Lhr PKDLETVQSEYDEFLKAIRVKELPADNLLSPAMDRFGISPHKIRPNVASA
sim Lhr PMELKTVQSEYEEFLKAIRVKELPANTLLSPAIDGFRISPRNIRPNLASA
sim Lhr2 PMELKTVQSEYEEFLKAIRVKELPANTLLSPAIDGFRISPRNIRPNVVV-
260 270 280 290 300
....|....|....|....|....|....|....|....|....|....|
mel Lhr NKRIRYNNACKGSNDVKIKIETAIEPKIKDTTKCDERPIETPRFVPLKSA
sim Lhr NKRISYNGVSNESNYVKIKTETAIEPKIEDATKFDERPIETPRYVPLKSA
sim Lhr2 ---LWCCGVSNESNDVKIKTETAIEPKTEDATKFDERPIETPRYVPLKSA
310 320 330
....|....|....|....|....|....|....|
mel Lhr KYYIKRCRIRLKRVEIDDYLPLARIRRSRRPTLRT
sim Lhr KYYIKSCRIRVKRVEIDDYLPLARILRSRRPTLRT
sim Lhr2 KYYIKSCRIRVKRVEIDDYLPLARILRSRRPTLRT
16aa indel
Cter mutation
Figure 4.1: Alignment of D. simulans Lhr2 protein sequence with wild type or-
thologs. The 16 amino acid indel polymorphism and C-terminal mutation are
underlined.
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tion of Catsper1, a sperm-specific calcium channel, found evidence for positive
selection for elevated rates of indel substitutions within its intracellular domain
across multiple primate and rodent species [188, 189]. The authors suggest that
the selection for indels might be a consequence of their effect on the regulation
of the Catsper1 channel, which can affect sperm motility, an important determi-
nant in sperm competition.
In this study I first confirm that the hybrid rescue property of the D. simulans
Lhr2 strain is indeed a function of the CDS of the Lhr2 allele. I then use the
unusual Lhr2 allele to address the key question of whether segregating ancestral
polymorphisms are simply neutral markers of the speciation process, or instead
have functional consequences.
4.2 Materials and Methods
4.2.1 DNA Constructs
To generate constructs for transgenic experiments, first the wild type Lhr CDS in
p{sim-Lhr} was replaced by the Lhr2 CDS using a three-piece fusion PCR strat-
egy. The first and last PCR products, containing upstream and downstream ge-
nomic regions, were amplified using p{sim-Lhr} as the template, with primer
pairs 691/938 and 941/664, respectively. The central PCR product containing
the Lhr2 CDS was amplified from D. simulans Lhr2 genomic DNA, with primer
pair 939/940. The three overlapping PCR products were then used as templates
for the fusion PCR, cloned into the pCR-BluntII vector to create the plasmid
p{sim-Lhr2}, and sequenced completely. A triple-HA tag in-frame with the C-
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terminus of Lhr2 CDS was synthesized using a two-piece fusion PCR strategy.
Two overlapping PCR products were amplified using p{sim-Lhr2} as the tem-
plate, with primer pairs 882/728 and 729/664. This fusion PCR product was
TOPO cloned into the pCR-BluntII vector. This intermediate construct was di-
gested with SacII and ApaI and the fragment released was subcloned into p{sim-
Lhr2}, generating p{sim-Lhr2-HA}. The full insert was sequenced completely
and subcloned into the MCS of pCasper4\attB using NotI and KpnI restriction
enzymes.
To synthesize the construct p{sim-Lhr2-HA + 16aa}, the 16 amino acid inser-
tion was inserted into the Lhr2 CDS using a two-piece fusion PCR strategy. The
two overlapping PCR products were amplified using p{sim-Lhr2-HA} as the
template, with primer pairs 691/945 and 946/664. These fragments were used
as templates for the fusion PCR, and the gel-purified product was TOPO cloned
into the pCR-BluntII vector and sequenced completely. The insert was then
subcloned into pCasper4\attB exactly as in p{sim-Lhr2-HA}. The construction
of p{sim-Lhr2-HA +Cter} where the complex mutation in the C-terminus mu-
tation in Lhr2 CDS was replaced by 10 residues of wild type D. simulans Lhr
sequence, was done as above using primer pairs 691/942 and 943/664.
For yeast two-hybrid experiments the Lhr2 CDS was amplified using primer
pair 404/405 and cloned into pENTR-DTOPO (Invitrogen) according to the man-
ufacturer’s instructions, and verified by sequencing. The entry vector was re-
combined with the destination vectors in a standard LR Clonase-mediated re-
action. The destination vectors used were pGADT7-AD and pGBKT7-DNA-BD
(K. Ravi Ram, A. Garfinkel, and M.F. Wolfner, Cornell University; personal com-
munication).
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Table 4.1: Primers used in the materials and methods
Capitalized
No. Sequence region
404 caccatgagtaccgacagcgccgaggaa
405 tcatgttctcagcgtaggccg
409 gtagctttctcttggcgctctt
410 gtaagtgaactgaagctgcgttgg
664 tcgcatAAGCTTctggcaggtggtaaccgatacgg HindIII
691 tactatAAGCTTtggttgttccacacgactttatcg HindIII
728 TGCATAGTCCGGGACGTCATAGGGATA
GCCCGCATAGTCAGGAACATCGTATGG
GTACATtgttctcagcgtaggccg
3xHA tag
729 CCCTATGACGTCCCGGACTATGCAGGA
TCCTATCCATATGACGTTCCAGATTACG
CTtgactttctttcgtataaaatgc
3xHA tag
882 tgtcgcccgcggaacgtcgcc
938 cgtttcctcggcgctgtcggtactcat
939 atgagtaccgacagcgccgaggaaacg
940 tcatgttctcagcgtaggccgcctgg
941 ccaggcggcctacgctgagaacatga
942 ccaTTATAGCTTATTCTTTTATTGGCACTT
Gctacgttgggtcttatgttgcg
C-ter fill-in
943 CAAGTGCCAATAAAAGAATAAGCTATA
Atggtgttagcaatgaatcaaatgatgtc
C-ter fill-in
945 GATTTGCAATTTGTGTACATCGTTCATC
TCCCGCCACAGAGGTTCAGTgattt
gccctttggcagccgc
16aa fill-in
946 ACTGAACCTCTGTGGCGGGAGATGAA
CGATGTACACAAATTGCAAATCcctgaacc
tctgtttcgggtg
16aa fill-in
114
sim-Lhr2-HA + Cter
10 aa 
Lhr2+
sim-Lhr2-HA +16aa
16 aa 
Lhr2+
sim-Lhr2-HA
Cter mut16 aa indel
Lhr2
Lhr
sim-Lhr-HA
Figure 4.2: A schematic of Lhr2 constructs. All constructs contain the full Lhr
coding sequences fused to the HA epitope tage (green) in the context of UTRs
and genomic DNA from the D. simulans w501 strain. The white boxes represent
the 16 amino acid indel and C-terminal mutation. Triangles represent replace-
ment of Lhr2 CDS with sequence from wild type D.simulans Lhr.
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4.2.2 Transgenic fly lines
φC31-mediated transformants of D. melanogaster were performed by Genetic
Services. The integrations site used was M{3xP3-RFP.attP}ZH-86Fb [168] at cy-
tological position 86Fb. Site-specificity of integrations were tested using the
PCR assays described in chapter 3.
4.2.3 Recombination mapping of the D. simulans Lhr2 rescue
activity
The D. simulans Lhr2 rescue strain was outcrossed to the non-rescuing D. simu-
lans v strain. From this seven independent recombination lines were established
by backcrossing 8-10 F1 daughters to 8-10 males from the D. simulans v strain.
Sons from this cross were used to set up three hybrid crosses. Each hybrid cross
was set up with approximately 30 recombinant sons, aged for 3 days, and 20 0-1
day old virgin D. melanogaster w1118 females. Viable F1 hybrid sons, which by
definition inherit the rescue property, were PCR genotyped for their Lhr alleles.
In order to determine if hybrid sons inherited the wild type Lhr or the Lhr2 al-
lele from the D. simulans father, I used primer pairs 409/410 to PCR across the
16 amino acid indel. If sons inherit wild type D. simulans Lhr I expect to see two
bands, the smaller band corresponding to the ancestral state in D. melanogaster
Lhr and the larger size corresponding to the insertion in wild type D. simulans
Lhr; however if they inherit the Lhr2 alelle, I expect to see only one band corre-
sponding to the ancestral state.
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4.2.4 RT-PCR, immunofluorescence and yeast two-hybrid
RT-PCR and immunofluorescence were performed as previously described in
Chapter 3. Yeast two-hybrid assays were performed as in Brideau & Barbash
(2011).
4.2.5 Phylogenetic analysis.
Phylogenetic tree was built by MEGA 3.1 using the maximum parsimony method
[138]. The Lhr alleles used for the analysis are published in Brideau et. al. (2006)
[51].
4.3 Results
A cross between wild type D. melanogaster females and D. simulans males pro-
duces only sterile daughters, and no sons. The genetic basis of male lethality
appears to be fixed between the two species, as crosses between scores of dif-
ferent wild type strains fail to produce hybrid sons [128, 129]. The only two
exceptions discovered are strains with mutations in D. melanogaster Hmr and D.
simulans Lhr [130, 166].
Although previous analyses implicitly assumed that rescue in the D. simu-
lans Lhr2 strain is due to its unusual Lhr allele, this point has not been estab-
lished. I therefore first did a crude mapping experiment to test whether the
hybrid rescue function is associated with the Lhr2 locus. I outcrossed D. sim-
ulans Lhr2 to wild type D. simulans and tested for linkage between the Lhr2 lo-
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cus and hybrid rescue. I genotyped 48 viable hybrid sons, which by definition
have inherited the rescue property, and found that all of them also inherited
the Lhr2 allele from the D. simulans parent. This pattern of co-segregation sup-
ports the hypothesis that the Lhr2 allele is responsible for suppressing hybrid
male lethality instead of an unrelated mutation segregating in the same genetic
background.
I next sequenced 4 kb of genomic DNA spanning the Lhr2 locus and found
no insertions, deletions or rearrangements in its non-coding regions that might
affect local gene regulation. Using quantitative RT-PCR I determined that Lhr
expression in D. simulans Lhr2 is not significantly different from wild type (t-test
p = 0.2) (Figure 4.3A), demonstrating that the hybrid rescue property of D. sim-
ulans Lhr2 is not due to a mutation affecting the expression level of Lhr. The Lhr2
CDS is unusual in three respects (Figure 4.1). (1) Lhr2 lacks the 16aa insertion,
relative to D. melanogaster Lhr, that is present in frequencies near fixation in Lhr
alleles from the sibling species. (2) Lhr2 has a complex mutation in a conserved
sequence near its C-terminus, which includes a 12 bp in-frame deletion and non-
synonymous mutations causing unique substitutions in 6 adjacent amino acids.
(3) 10 substitutions in the predicted Lhr2 protein sequence are different from the
consensus D. simulans Lhr [185].
While 5 of the 10 substitutions are rare, 5 are shared with D. melanogaster Lhr.
With the melanogaster-like ancestral state at the 16 aa indel, it raised the possibil-
ity that Lhr2 is a recent introgression of D. melanogaster Lhr into D. simulans. This
was, however, rejected by phylogenetic analysis that firmly groups Lhr2 with
alleles from the sibling species (Figure 4.3B).
To test conclusively whether the Lhr2 allele is defective for hybrid lethal ac-
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Figure 4.3: The Lhr2 alelle is not an expression mutant or a D. melanogaster in-
trogression. (A) Quantitative RT-PCR analysis comparing Lhr expression in D.
simulans Lhr2 with wild typeD.melanogaster w1118 andD. simulans v strains. RNA
was isolated from 6-10 hr old embryos. Lhr abundance was measured relative to
rpl32. Expression levels were normalized by setting D. melanogaster w1118 strain
to 1. Error bars represent standard deviation within biological replicates, n≥3
(B) The evolutionary history of Lhr2 in the melanogaster subgroup was inferred
using the Maximum Parsimony method. The percentage of replicate trees in
which the associated taxa clustered together in the bootstrap test (500 replicates)
are shown next to the branches.
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tivity, I set up a transgenic assay to compare it with wild type D. simulans Lhr.
I used the φC31 site-specific integration system to generate a D. melanogaster
strain carrying a D. simulans Lhr2 transgene at the attP86Fb site on the third
chromosome (Figure 4.2). The Lhr2 CDS was C-terminally tagged with HA and
placed under the control of wild type D. simulans regulatory sequences (from
strain w501), to generate the φ{sim-Lhr2-HA} construct.
Hybrid lethal activity was assayed using the D. simulans Lhr1 complemen-
tation test established in chapter 3. D. melanogaster mothers heterozygous for
one of the transgenes were crossed to D.simulans Lhr1 fathers, Lhr1 being a loss-
of-function mutation that acts as a dominant suppressor of HI. If the transgene
has hybrid lethal activity it is expected to suppress rescue by the Lhr1 mutation.
From experiments in chapter 3 I know that both D. simulans and D. melanogaster
wild type Lhr orthologs fully suppress rescue by the D. simulans Lhr1 mutation.
In contrast, φ{sim-Lhr2-HA} only partially suppressed rescue, with viability in
the range of 35-40% relative to the control class (Table 4.2 cross 2). This assay
demonstrates that the Lhr2 CDS has significantly reduced ability to cause HI but
it is not a null allele. This conclusion is consistent with the observation that
when crossed to the same D. melanogaster strain, D. simulans Lhr1, which is an
expression null, rescues hybrid male viability to 73%, while D.simulans Lhr2 res-
cues at approximately 45% (data not shown).
Next, I wanted to determine the contribution of the two major structural
mutations to the hybrid lethal activity of Lhr2. To individually test the contribu-
tion of the complex C-terminal mutation and the 16aa deletion to hybrid lethal
activity, each was individually replaced with wild type sequence in sim-Lhr2-
HA to generate φ{sim-Lhr2-HA,+Cter} and φ{sim-Lhr2-HA,+16aa}, respectively
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Table 4.2: Both structural mutations contribute to the reduced hybrid lethal
activity of the D. simulans Lhr2 allele.
Cross Transgenic
contruct
No. of
hybrid
females
No. of hybrid males Relative
viability
of φ{}(%)
Genotype 1
+/+
Genotype 2
φ{}/+
1 φ{sim-Lhr} 135 74 0 0
2 φ{sim-Lhr2} 494 226 80 35.4
308 185 75 40.5
3 φ{sim-Lhr2 +Cter} 269 175 0 0
187 104 0 0
4 φ{sim-Lhr2 +16aa} 337 178 28 15.7
224 164 26 15.8
Crosses were between D. melanogaster females w;φ{}/+ heterozygous for the different trans-
genes and D. simulans Lhr1 males. The transgenes carried a copy of the w+ gene so the
hybrid sons inheriting the transgene, φ{}/+ (genotype 2) were distinguished from their +/+
siblings (genotype 1) by their eye-colour. All crosses were carried out at room tempera-
ture. Relative viability is the ratio of the number of hybrid sons inheriting the transgene
(genotype 2) compared to the control class (genotype 1).
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(Figure 4.2). Reverting the C-terminal mutation to the wild type sequence is
sufficient for the φ{sim-Lhr2-HA,+Cter} transgene to fully complement rescue
by D. simulans Lhr1 (Table 4.2 cross 3), demonstrating that this conserved region
is necessary and sufficient for wild type hybrid lethal activity. Reverting the 16
amino acid deletion from the ancestral state to the derived insertion state also
had a significant impact on the hybrid lethal activity of Lhr2. The relative viabil-
ity of hybrid sons inheriting φ{sim-Lhr2-HA,+16aa}was reduced to ≈15% (Table
4.2 cross 4), demonstrating that having the ancestral deletion state significantly
contributes to the hybrid rescue activity of Lhr2. Although I have only assayed
the effect of this mutation on the background of the Lhr2 allele, it does suggest
the possibility that this ancestral polymorphism is potentially contributing to
the divergent hybrid lethal effects of Lhr orthologs.
LHR protein localizes to heterochromatin through interaction with Hete-
rochromatin Protein1 (HP1) [51, 114]. I therefore asked whether the reduced
hybrid lethal activity of Lhr2 was reflecting a defect in heterochromatin asso-
ciation. I performed yeast two-hybrid assays and found that the interaction
between LHR protein encoded by the Lhr2 alelle and HP1 was indistinguishable
from the wild type control (Figure 4.4A). Consistent with this result, LHR2-HA
localized to heterochromatin in vivo and immuno-FISH experiments showed co-
localization with the dodeca satellite, providing further support for wild type
association with heterochromatin (Figure 4.4B). From these results I infer that
the reduced hybrid lethal activity of Lhr2 is not because localization to hete-
rochromatin is defective.
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Figure 4.4: The sim-LHR2 protein interacts with HP1 and localizes to hete-
rochromatin. (A) Interaction with HP1. Wild type D. simulans LHR was used as
a positive control. Yeast two-hybrid interactions were detected by activation of
HIS3 and growth on media lacking histidine; loading controls [complete media
(CM) -Leu -Trp] contain histidine. (B) Localization of sim-LHR2-HA to hete-
rochromatin in D. melanogaster cycle 12-14 embryos. Top, sim-LHR2-HA was
detected with anti-HA (green) localizing to apical heterochromatin, detected by
TOPRO3 staining of DNA at the embryo surface. Bottom, immuno-FISH exper-
iment with anti-HA (green) detecting sim-LHR2-HA in interphase nuclei shows
no overlap with the 359 bp (red) satellite but partially co-localizes with the do-
deca satellite (blue).
123
4.4 Discussion
In this study I definitively identify the Lhr2 allele as a new hybrid rescue mu-
tation; I then further show that this is due to changes in its CDS and use it to
identify regions of the LHR protein critical for incompatibility. I devised modi-
fied Lhr2 alleles to individually assay specific regions for effects on hybrid lethal
activity in D. simulans Lhr1 complementation tests. I find that a highly conserved
stretch of 10 residues in the C-terminus of Lhr is critical for wild type levels of
hybrid lethal activity. This is consistent with and supports results presented
in chapter 3 as well as published results that Lhr orthologs from both species
can cause incompatibility [86]. However, this region is clearly insufficient to
completely explain the incompatible interaction, as more than half of the hybrid
sons inheriting the φ{sim-Lhr2-HA} transgene die (Table 4.2 cross 2). It is likely
that additional regions of the LHR protein also contribute to the incompatible
interaction.
The effect of the 16aa indel polymorphism on hybrid lethal activity was ex-
cluded by Nolte et. al. (2008) using a population survey. They tested 2 D.
simulans lines that retained the ancestral state of lacking the 16aa insertion, but
neither of them rescued hybrid sons. However, in the transgenic assay I find a
significant difference in hybrid lethal activity of the Lhr2 allele with and without
the insertion (Table 4.2 cross 4). The lack of any phenotypic effects observed by
Nolte et. al. (2008) is most likely because the effect of the 16aa indel is revealed
only in a sensitized background. In this transgenic assay the C-terminal muta-
tion in Lhr2 lowers the lethal activity of Lhr, providing us with the sensitivity to
assess the contribution of the 16aa indel.
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These results also speak to a focal question in the field of evo-devo, whether
functional differentiation is the result of regulatory divergence or CDS diver-
gence [190, 191]. I had previously shown that the different lethal activities of Lhr
orthologs can be explained by divergent gene regulation (see Chapter 3). How-
ever, with this study, I can add the contribution of a CDS indel divergence to the
species-specific differences in the strength of hybrid lethal activity between D.
simulans Lhr and D. melanogaster Lhr.
Rigorous identification of incompatible substitutions had only been attempted
for yeast. In case of AEP2 it was narrowed down to multiple mutations within a
region of 148 amino acids and in case of MRS1 it was pared down to only 3 non-
synonymous substitutions [43, 78]. There is no evidence of selection acting on
either of these HI genes and both have experienced relatively limited sequence
divergence. There are at least 6 HI genes known that are rapidly diverging un-
der selection. Although it is implicitly assumed that this divergence is the basis
of HI, this remains largely unexamined. Even for Lhr, where regions critical to
incompatibility have now been identified, it is an open question whether any of
the lineage-specific substitutions are relevant for HI.
Large structural polymorphisms are not unique to Lhr; other HI genes such
as Hmr and Prdm9 have multiple in-frame indels, as does the segregation dis-
torter RanGAP [112, 97, 107]. So far the primary focus of evolutionary analysis
has been single amino acid substitutions and indel variation has been largely
ignored in the assessment of functional divergence. Recent high throughput
analysis on human tissues has catalogued the occurrence of coding indels in
hundreds of conserved and essential genes as well as in protein isoforms via al-
ternative splicing, thus highlighting indels as an abundant source of structural
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variation [192, 193, 194]. This characterization of the ancestral indel polymor-
phism in Lhr presents one functional argument supporting the prediction that
coding indels play an important evolutionary role.
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CHAPTER 5
CONCLUSIONS & FUTURE DIRECTIONS
Hybrid incompatibility (HI) genes are defined as loci that have a measurable
effect on the fitness of hybrid progeny. Lhr and Hmr fit this criterion perfectly. A
mutation in either D. melanogaster Hmr or D. simulans Lhr is sufficient to rescue
lethal hybrid sons, generating a viable genotype instead. The protein coding
sequence of both these genes has diverged dramatically between the hybridiz-
ing species, moreover population genetic analysis has found this divergence to
be driven by natural selection. These observations suggested a simple and at-
tractive hypothesis: functional differentiation favored by natural selection in
one lineage would be the evolutionary basis of genetic incompatibility in inter-
species offspring. By extension, the phenotypic target of selection represented
by these loci would be, at least in part, culpable for the evolution of reproductive
isolation between these species. Building a framework to test these hypothesis
was the motivation behind this research. In order to articulate in greater de-
tail the relationship between natural selection and HI the following questions
can be asked: What is the function of Lhr in pure species? How has Lhr func-
tion diverged between the hybridizing species? What developmental process is
breaking down in hybrids and does it correlate with the functional differentia-
tion of Lhr? Can protein CDS substitutions, the outcome of natural selection, be
directly implicated as the cause of HI?
When this research was begun the only known molecular function of LHR
was its association with heterochromatic regions within the nucleus. Cytologi-
cal analysis presented here has refined this association by examining its relation-
ship to specific pericentric satellites within heterochromatin. Although it is now
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clear that LHR has a specific distribution within heterochromatin, this study has
not revealed the DNA or chromatin factors that configure this localization pat-
tern. It has however, established that CDS divergence of Lhr orthologs is not
causing different localization patterns. The functional differentiation evolved
by selection remains obscure; further investigation into the biology of Lhr is
needed to shed light on this issue.
Three major stumbling blocks to understanding the biology of Lhr have been:
One, LHR has proven to be highly intractable to biochemical analysis. Two,
in stark contrast with the hybrid situation, null mutation and over-expression
genotypes of Lhr have no obvious phenotypes in a pure species background,
thus making it intractable to standard genetic tests of function. Three, except
for studies of HI Lhr lacks biological context. Besides association with hete-
rochromatin, there is no compelling evidence in the public databases that would
highlight a role for Lhr in existing protein interaction networks and/or develop-
mental pathways. Hence the unbiased discovery of interaction partners through
co-immunoprecipitation experiments is an obvious choice for the way forward.
Given the transgenic tools developed in this thesis, such an experiment is now
more doable. Another possible experiment similar to that done with HP1 can
be designed, where LHR fused to the lac-repressor is targeted in vivo to a lac-
operator array to determine if, and how, LHR affects chromatin and epigenetic
states [195].
Because LHR associates with heterochromatin, the graveyard of selfish para-
sitic elements within the genome, it was suspected that the evolutionary origins
of HI lie in conflict with selfish heterochromatic elements. The expectation was
that this would be reflected in defects either in the localization of LHR or in the
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structure and morphology of hybrid heterochromatin. However, I observed nei-
ther. Although the absence of such defects does not disprove the said hypoth-
esis, it does provide a compelling argument for reconsidering the assumption
that incompatibility in hybrids involves heterochromatin.
The ideal experiment for testing this relationship would be to uncouple LHR
from heterochromatin and ask whether it can still cause incompatibility. Brideau
N.J. designed such an experiment, he wanted to identify and then mutate the
residues within LHR critical for HP1-interaction, and then assay this variant
for hybrid lethal activity. However, this line of investigation had to be aban-
doned when technical issues confounded his efforts to whittle down the HP1-
interaction domain. As the most simple and logical approach has failed I would
like to suggest a couple of eccentric experiments to address this issue. Janssen
et. al. (2000) [196] characterized specific polyamide compounds as tools to
study chromatin structure. They showed that they target specific satellite re-
peats and that their binding mediated local opening of chromatin fibres. Re-
markably, when fed to developing flies of a sensitized background, white-mottled
and brown-dominant, they showed PEV suppression and homeotic transforma-
tions. It would be interesting to see if hybrid heterochromatin, and viability,
was similarly responsive to the presence of such compounds. A second exper-
iment involves altering the nuclear localization pattern of LHR by fusing it to
domains with specific localization patterns, for example histone-recognition do-
mains, and then assaying this variant for D. simulans Lhr1 complementation. If
redirecting LHR to euchromatin mitigates its hybrid lethal activity that would
strongly suggest a role for heterochromatin in HI.
129
Although research in this thesis has not revealed the developmental path-
way that is malfunctioning in hybrids, it has revealed that this pathway is acutely
sensitive to the dosage of Lhr. Several studies have suggested a link between
dosage compensation and Lhr dependent hybrid male lethality [197, 198]. Inter-
estingly, another HP1-interacting protein HOAP (also known as caravaggio) has
recently been shown to have a role in regulating Sxl, the masterswitch of the
sex-determination pathway [199]. Particularly they found a substantial zygotic
component in the effect of HOAP on male viability; this is significant because
Lhr also acts zygotically to cause incompatibility in hybrids. However, the crit-
ical phase of hybrid lethality is around second instar larval stage, significantly
later than early embryogenesis when the critical dosage-sensitive decisions to
establish Sxl are made. Additionally genetics has proven that lethality is spe-
cific to the melanogaster X chromosome and not the sex of the hybrid animal, ar-
guing against incompatibility resulting from a simple misregulation of the sex-
determination pathway. Thus, it is possible that hybrid lethality could be due
to a partial failure of dosage compensation involving the melanogaster X chro-
mosome. At present we know that the D-M interaction partner, Hmr is on the
D. melanogaster X-chromosome, but it is not clear if it is the only factor respon-
sible for the lethal effect of the melanogaster X. This could be genetically tested
by crossing compound-X D. melanogaster females carrying a mel-Hmr transgene
to wild type D.simulans males. If hybrid sons inheriting the mel-Hmr transgene
are lethal, this would prove that Hmr is the only factor on the melanogaster
X-chromosome required for HI.
The most striking result in this thesis is that hybrid lethal activity is not a
derived function restricted to the simulans lineage, instead the observed differ-
ences in the hybrid lethal activities of Lhr orthologs rest in differences in their
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cis-regulatory regions. Although it remains to be examined whether selection
has played a role in evolving divergent regulation of Lhr orthologs, this result
forces us to reconsider the role of CDS divergence, and consequently natural se-
lection in the evolution of HI. To definitively test if CDS divergence makes any
contribution to the different hybrid lethal effects of Lhr orthologs, Hmr interac-
tion assays with transgenes containing melanogaster and simulans Lhr under the
control of identical regulatory sequences need to be done.
Rapid evolution under natural selection is emerging as a signature of HI
genes, and it is assumed that the incompatible interaction is the consequence
of selection-driven substitutions. It is thus very intriguing that in the case of
Lhr this appears to not be true. It requires that we consider more complicated
scenarios, such as divergence of Lhr is reflecting functional differentiation of an
essential developmental pathway. It is possible that while divergence of this
developmental pathway is at the root of hybrid breakdown, CDS substitutions
in Lhr are not directly causing hybrid breakdown. However, it is equally likely
that selection driven evolution of Lhr in pure species is entirely unrelated to its
function in hybrid breakdown. To resolve the relationship between selection
and hybrid incompatibility a deeper understanding of the function of Lhr and
the molecular mechanism underlying hybrid breakdown is needed.
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